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ABSTRACT 
Tamarix spp. (a.k.a. saltcedar, tamarisk) invasion is considered a major ecological 
threat at both national and global levels, with supposed impacts on soil and water 
chemistry.  One of the most often cited mechanisms of ecosystem change by Tamarix is 
through its ability to deposit salty exudates and salt-rich leaf litter. The degree to which 
Tamarix relates to elevated soil and groundwater salinity, however, has not been 
adequately quantified, especially in the context of environmental factors that may also 
influence salinity.  If Tamarix does elevate localized salinity by means of uptake, 
concentration and exudation by plant tissues, then we might expect that the magnitude of 
its impact would be influenced by stand features such as density and age.  Therefore, we 
analyzed soil and groundwater salinity associated with Tamarix stands across a gradient 
of densities and aboveground ages along an arid reach of the Middle Rio Grande in 
Central New Mexico.   Stands were sampled both in areas exposed to and deprived of 
flooding to account for potential hydrologic impacts on soil and groundwater chemistry.  
Paired soil samples were collected underneath Tamarix canopies and in adjacent open 
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areas to compare solute concentrations associated with Tamarix cover to those in soils 
exposed to greater rates of surface evaporation.  Results indicate that flooding may be the 
most important factor for assessing floodplain salinity as the presence of this flushing 
mechanism was related to the lowest salt levels.  Surface soil salinity was observed to 
increase with greater Tamarix stem diameter (a predictor of age) in areas deprived of 
flooding; however a hyperbolic pattern where salt level is highest under intermediate-
aged growth and lowest underneath younger and older canopies seems to better explain 
the variability associated with salt level change by age.  Tamarix density was not 
observed to influence soil salinity, but higher densities were associated with elevated 
groundwater salinity in flood-suppressed areas.  Soils under Tamarix canopies had lower 
surface soil salinity than open areas deprived of flooding suggesting that surface 
evaporation may contribute more to surface soil salinity than Tamarix or may exacerbate 
contributions by leaf exudates.  This research provides a unique opportunity to quantify 
the degree to which an invasive species can alter its environment.  Results can be used to 
guide management decisions related to native species revegetation of Tamarix-invaded 
areas. 
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CHAPTER 1 
 
Tamarix spp. and environmental salinity: a research overview. 
 
 
 
Invasive plants are known to have profound effects on ecosystem processes and 
properties.  Without quantification of these effects, however, appropriate management 
actions are difficult to assess.  The primary purpose for this dissertation research is to 
contribute to the overall understanding of invasive species ecology and ecological 
restoration of invaded areas by quantifying the impacts of a pervasive invasive tree, 
Tamarix spp. (a.k.a. saltcedar, tamarisk), on soil and groundwater chemistry.  While 
environmental salt loading is often attributed to Tamarix, there is growing skepticism 
about a causal relationship between invasion and elevated salinity because this salt-
tolerant species may be a passenger rather than a driver of salt level change (Stromberg et 
al. 2009).  While flood suppression and other environmental factors undoubtedly lead to 
elevated salt levels in regulated riparian areas, the role Tamarix plays in salt loading, 
especially in the context of stand features such as density and age, has yet to be 
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thoroughly examined.  Such information is critical for proper management and successful 
restoration of Tamarix-invaded lands.    
This chapter represents a review of the literature describing: 1) physiological 
adaptations for salt-tolerance by Tamarix, 2) environmental salinity in Tamarix-invaded 
areas, and 3) the setting for this research along the Middle Rio Grande in Central New 
Mexico. 
THE PLANT 
 
Tamarix is a highly invasive non-native plant that has become a dominant 
presence in nearly every low-elevation riparian corridor in the western United States 
(Friedman et al. 2005a). The invasive taxa throughout much of this range are T. 
ramosissima, T. chinensis, T. parviflora, T. gallica, and hybrids of these, although several 
other species have been introduced but are far less invasive (Baum 1967, Gaskin and 
Schaal 2002).  Flow regulation and competitive biological strategies have enabled 
Tamarix to invade from 400 to 640 thousand hectares (1 million to 1.6 million acres) of 
riparian habitat from northern Mexico to central Montana, and from central Kansas to 
central California (Zavaleta 2000).  Tamarix invasion and subsequent habitat degradation 
is at such a catastrophic level that it has elicited responsive legislative action at the 
3 
 
national level.  In 2006, the Federal Government passed a bill by unanimous vote in the 
Senate that proposes to carry out a nationwide assessment and demonstration program to 
control Tamarix (U. S. Congress 2006).  Tamarix is not only regarded as noxious in the 
United States, but controlling this invasive is also a global concern.  Listed in the top 100 
of the world’s worst invasive alien species, Tamarix has become a dominant foreign 
presence in Australia, South Africa, and Mexico (Global Invasive Species Database 
2007).  
Human alteration of river hydrology has transformed mesic, low salinity riparian 
areas into xeric, saline environments that are no longer hospitable to native residents and 
primed for non-native species invasions (Busch and Smith 1995, Cleverly et al. 1997, 
Everitt 1998).  Flow-regulated and channelized river reaches can develop saline bankside 
conditions because they are no longer subject to periodic overbank flooding that dilutes 
and flushes salts from the soil (Ohmart et al. 1988).  Unlike native riparian vegetation, 
Tamarix is a facultative halophyte.  Tamarix is not dependent on elevated salt 
concentrations for survival, but rather can successfully grow and reproduce in the 
presence of high electrolyte levels (Busch and Smith 1995, Glenn et al. 1998, Jackson et 
al. 1990, Sala et al. 1996, Shafroth et al. 1995).  Since the majority of western rivers are 
regulated, it is not surprising that Tamarix has rapidly replaced large tracts of native 
riparian vegetation such as cottonwoods (Populus spp.) and willows (Salix spp.) across 
the west (Busch and Smith 1995, Glenn et al. 1998, Ohmart et al. 1988, Stromberg 
2001). 
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Tamarix has been found growing in substrates containing high levels of soluble 
salts especially when compared with soils and groundwater supporting native riparian 
vegetation (Busch and Smith 1995, Zamora-Arroyo et al. 2001).  Glenn et al. (1998) 
observed Tamarix survival in soils with up to 30,000 parts per million (ppm; i.e. 37 
mmhos/cm) total dissolved solids which is comparable to the salt content of ocean water 
(i.e. 35,000 ppm).  In addition, Tamarix is able to proliferate in areas where the 
groundwater, from which much of its water requirements are met, has a high dissolved-
solids concentration, ranging from 650 to 36,000 ppm and averaging between 6,000 and 
8,000 ppm (Brotherson and Winkle 1986, Jackson et al. 1990).  It has been found 
growing in Death Valley, CA, where the groundwater contains as much as 5 percent 
(50,000 ppm) dissolved solids (Robinson 1965).   While Tamarix can tolerate extreme 
levels of salinity, it appears to grow equally well or better where soil and groundwater are 
little to moderately mineralized (Brotherson and Winkle 1986, Malcolm 1972, Zaman et 
al. 2009). 
While most salt-sensitive species generally rely on ion exclusion at the root 
endodermis to survive saline soils, Tamarix is thought to survive in part through ion 
uptake and salt compartmentalization in salt glands (Tomanek and Ziegler 1962, Shafroth 
et al. 1995, Glenn et al. 1998, Waisel 1991a).  Salt glands allow Tamarix to avoid 
harmful affects of salts on mesophyll cells within the leaves through recretion, or the 
passing of ions through the plant without being metabolized or chemically changed 
(Bosabalidis and Thomson 1984, 1985, Campbell and Strong 1964, Waisel 1991a).  Up 
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to 90% of the total ions absorbed by roots of salt-tolerant species are transported to the 
shoot, 95% of which are localized in salt glands (Flowers et al. 1986).  Although salt 
glands can regulate the salt balance within Tamarix, salt exclusion outside the roots can 
still control up to 80% of the salts that would have otherwise entered some halophytes 
(Waisel et al. 1986).        
The salt glands of Tamarix species are sunken slightly in the epidermis and 
consist of eight radially arranged, epidermal cells.  Six primarily cytoplasmic outer cells 
represent the secretory cells and two inner cells that are highly vacuolated are called 
collecting cells (Bosabalidis and Thomson 1984, 1985).  These collecting cells 
accumulate high concentrations of salts prior to secretion (Bosabalidis and Thomson 
1984, 1985).  The cuticle is expanded above the outer secretory cells, forming a 
compartment or collecting chamber in which the secretory fluid is thought to accumulate 
during secretion.  Salts released from the gland cells first accumulate in the subcuticular 
chamber.  With an osmotic flow of water into this chamber a hydrostatic pressure 
develops.  With the resulting expansion of the chamber, salt exudates are then released 
through the cuticular pores on the cuticle (Bosabalidis and Thomson 1985).   
Tamarix salt glands are known to be abundant on both the upper and lower leaf 
surfaces as well as on young stems.  Tamarix has a high leaf area index (i.e. leaf surface 
per unit ground area; DiTomaso 1998), suggesting that these plants have a large number 
of glands and therefore a greater capacity to sequester salts than co-occurring halophytes.  
Tamarix salt glands are also not permanent but continue to initiate and differentiate 
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throughout leaf expansion and subsequent maturation (Bosabalidis 1992).  In contrast, the 
leaf glands of most halophytic species are not replaced by new glands once they have 
senesced.  This difference provides Tamarix species with a very efficient ecological 
adaptation to high salinity conditions (Bosabalidis 1992). 
Salt glands have been observed to have other functions as well. These structures 
may function as a carbon-concentrating system (Waisel 1991a) that enhances the 
photosynthetic capacity of the plant.  This could explain the high productivity of Tamarix 
despite its relatively small photosynthesizing surface area (Waisel 1972).  Salt glands 
may also perform osmotic work (Osonubi and Davies 1978, Abrams 1988), acting as a 
significant pulling force that further enhances continued soil water extraction (Sala et al. 
1996, Wiesenborn 1996).  This adaptive advantage allows Tamarix to extract water under 
conditions of low soil moisture or elevated salinity.  This proves advantageous for 
Tamarix individuals established in arid environments where a depressed water table and 
elevated salinity would otherwise cripple the plant’s ability to extract water from the soil.   
The mechanism of salt transport through the plant could also influence the ability 
of Tamarix to tolerate environmental salinity.  Since the salt glands are not in direct 
association with the vascular tissue (Waisel 1972), salts could move from the vascular 
tissue to the glands by way of the cell walls (apoplastic), or from cell to cell via the 
cytoplasm and plasmodesmata (symplastic). It was long thought that the position of the 
cuticle on Tamarix salt glands prohibited the apoplastic transport of salts. Contrary to this 
assumption, the primary mechanism for movement of salts from the soil to the foliar 
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glands has been demonstrated to be by apoplastic transport (Campbell et al. 1974, 
Campbell and Thomson 1975).  While the apoplast serves as the major pathway for ion 
transport to the salt gland, symplastic transport likely occurs as well (Campbell et al. 
1974, Campbell and Thomson 1975). This bimodal mechanism could speed the rate of 
salt transport and thereby increase the recretion efficiency of Tamarix. 
To understand the specific mechanism involved in salt secretion, it is necessary to 
know the composition and concentration at which the salts are secreted.  Although the 
appearance of salt crystals on Tamarix leaves suggests they are nearly pure sodium 
chloride, the salt brought to the leaf surfaces also includes considerable amounts of other 
ions (Decker 1961, Gatewood et al. 1950).  Numerous salts and minerals, both macro and 
micronutrients, have been observed to be secreted by Tamarix glands including sodium 
(Na), potassium (K), nitrate (NO3), calcium (Ca), magnesium (Mg), sulfur, sulfate (SO4), 
phosphorus, bicarbonate (HCO3), chloride (Cl), molybdenum, boron, copper, manganese, 
aluminum, silica, and zinc (Berry 1970, Bosabalidis and Thomson 1984, Dressen and 
Wangen 1981, Kleinkopf and Wallace 1974, Storey and Thomson 1994, Thomson et al. 
1969).  Even trace elements, such as lithium, barium, titanium, and strontium have been 
detected in the glands of Tamarix (Berry 1970).  Sodium, K, Mg, Ca, NO3, Cl, HCO3, 
and SO4, however have been observed to account for more than 99% of the total ions that 
are secreted by Tamarix (Thomson 1975).   
The broad range of secreted salts clearly indicates that the glands of Tamarix have 
a low level of selectivity for salts (Berry 1970, Kleinkopf and Wallace 1974). The 
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composition of the secreted salts has been shown by several investigators to depend on 
the salt composition of the root environment (Waisel 1960, Berry and Thomson 1967, 
Thomson et al. 1969, Berry 1970, Storey and Thomson 1994), and salt concentration of 
secretions can be higher than the soil medium (Scholander et al. 1962, Berry 1970, 
Hagemeyer and Waisel 1988).  Waisel (1960) observed a sequence of ion secretion from 
Tamarix salt glands to occur in the following order of concentration: Na > Ca > K.  A 
high tolerance for such a variety of different ions has allowed Tamarix species to adapt to 
many different saline soil types.  The dominance of Na in exudates suggests invasion by 
this plant could promote salt imbalances that alter soil structure since high Na 
concentrations can lead to soil particle dispersion.   
The rate of secretion by Tamarix is likely dependent on environmental factors.  
Tamarix exudation occurs primarily during the day and has been shown to increase with 
escalating temperature (Arisz et al. 1955, Atkinson et al. 1967, Scholander et al. 1962).  
Secretion is not related to photosynthesis however because it has also been observed to 
occur in the dark (Gale 1975).   
Exported salts are initially secreted from Tamarix salt glands as liquid exudates.  
Under dry atmospheric conditions, the water of the secretion evaporates and the salts 
crystallize to form “salt scales” or “salt whiskers” (Decker 1961).  Whether liquid or 
solid, salt exudates have been reported to contain up to 41,000 ppm dissolved solids 
(Gatewood et al. 1950).  These salt accumulations on the leaves of Tamarix are easily 
removed by rain and wind or eventually fall to the soil surface with senesced leaves. 
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Since Tamarix is deciduous, leaf senescence could result in a major pulse of salts to the 
soil surface in the fall.   
Salts can be redistributed over time from deep within the soil profile to become 
concentrated on surface soils (Roberts 1950).  Since roots of some species of Tamarix 
reach distances up to 50 meters from the base of the trunk (Baum 1967), the plant can 
extract water and dissolved salts from greater depths in the soil profile than other plants 
that occupy the same habitat (Waisel 1991b).  Hundreds of kilograms of salt can 
potentially be transported through the plant and deposited onto the soil surface 
throughout an individual’s lifetime (Waisel 1991b).  Deposited salts can accumulate in 
surface soils over time, sometimes forming a hard crust underneath the plants (Kerpez 
and Smith 1987).  The ability of Tamarix to accumulate salts and redistribute them onto 
the soil surface (Berry 1970, Decker 1961, Hem 1967, Thomson et al. 1969) may be 
partly responsible for its salt tolerance, but it is also considered a form of allelopathy 
(Brock 1994).   
The tendency to secrete or exude salt onto the soil beneath the canopy, in 
conjunction with elaborate root systems, may restrict native salt-sensitive species growth 
within Tamarix-invaded areas, although some evidence exists in the literature suggesting 
that native riparian plants may be able to withstand significant salt additions (Shafroth et 
al. 1995).  Excessive surface deposition of salt, which is known to enhance germination 
of Tamarix (Jackson et al. 1990, Shafroth et al. 1995, Waisel 1960) can inhibit the 
germination, establishment and growth of other species (Brotherson and Winkle 1986, 
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Egan et al. 1993, Glenn et al. 1998, Jackson et al. 1990, Rowland et al. 2004, Shafroth et 
al. 1995, Singh et al. 1999).  Only xeric and/or halophytic species can typically survive in 
a Tamarix-dominated area (Brotherson et al. 1984).  Similarly, this plant is often 
associated with such salt-tolerant species as desert saltgrass (Distichlis spicata), 
rabbitsfoot grass (Polypogon monspeliensis), Nuttall alkali grass (Puccinellia airoides), 
spreading orach (Atriplex patula), kochia (Bassia scoparia), and mountain pepperweed 
(Lepidium montanum; Brotherson and Field 1987, Brotherson and Winkle 1986).  
Annuals are more common under Tamarix, likely because this invasive is most 
competitive in drier soils.  In concert with high water use efficiency, Tamarix competes 
aggressively for moisture at all root zone levels, increasing competitive advantage 
particularly over perennial vegetation (Anderson 1982, Smith et al. 1998, Vandersande et 
al. 2001).    
In addition to salt cycling, Tamarix may potentially alter its edaphic environment 
by trapping sediment and increasing fire potential, both of which can exacerbate surface 
soil salinity.  Tamarix stands can be considerably denser than naturally occurring riparian 
vegetation (Egan et al. 1993).  Increased Tamarix density is known to enhance deposition 
of fine sediments (e.g., clays, which have a greater capacity to adhere to mobilized salts; 
Everitt 1980, Stromberg 1998).  Tamarix plants typically have many stems with high 
rates of mortality, contributing to continuous accumulations of fuels that can increase the 
frequency and severity of fires (Busch and Smith 1993, Ellis 2001, Ellis et al. 1998).  Ash 
deposits following fire are highly saline, and often exhibit elevated concentrations of 
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phytotoxic boron.  While rapidly growing native riparian plants like cottonwoods and 
willows are more susceptible to heavy metal toxicity and hypersalinity (Busch and Smith 
1993, Chapin 1980, Rowland et al. 2004), Tamarix is reported to be tolerant of elevated 
concentrations of salinity (Waisel 1960) and boron (Richards 1954).   
All of the afore-mentioned edaphic and biological characteristics of Tamarix have 
allowed these plants to tolerate many different saline soil types with potential 
implications for environmental salt-loading.  The following two sections outline the 
overall issue of environmental salinity and the state of the science that relates Tamarix 
invasion to elevated salt concentrations.   
SOIL SALINITY 
 
Soil salinity is the generalized term for the accumulation of high concentrations of 
soluble salts in the soil.  The major ions associated with soil salinity are Na, Ca, Mg, K, 
SO4, HCO3, carbonate (CO3), NO3, and Cl.  Calcium and Mg are the principal cations 
found in the soil solution and on the particulate exchange surfaces of saline soils in arid 
regions.  The presence of these ions can actually improve the growing environment for 
plants by promoting soil particle aggregation (i.e. flocculation), forming pore spaces for 
water transport.  Soil salinity is typically expressed as the electrical conductivity (EC) of 
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a soil saturation extract.  Because pure water is a poor conductor of electricity, the 
addition of soluble salts improves conductance and thereby increases EC.  Soils with an 
EC > 4 mmhos/centimeter (mho is the primary unit of measure for conductance) are 
considered “saline” (Waskom et al. 2007).   
When excess soluble salts accumulate in soils, however, Na can become the 
dominant ion in solution which can lead to sodicity.  Sodicity is expressed by the sodium 
absorption ratio (SAR) or the ratio of Na to Ca and Mg ions within a soil saturation 
extract.  Soils can be defined as “sodic” when they have an EC < 4 mmhos/centimeter 
(cm) and a SAR > 13 (if exchangeable sodium percentage is used to measure sodicity, 
then an ESP of 15; Waskom et al. 2007).  Calcium and Mg ions are more tightly held to 
clay particles than Na due to their higher energy of absorption and their double positive 
charge.  Sodium ions have a single positive charge, are more readily hydrated, and are 
more likely to be found in solution.  If the ratio of Na to Ca and Mg exceeds the threshold 
(i.e. SAR > 13) then the forces that bind Ca and Mg to soil particles can be overcome.  
However, the soil is not at risk of the adverse effects associated with sodicity (e.g. clay 
swelling and dispersion) unless water can enter soil micropores.  When soils contain high 
concentrations of dissolved salts (i.e. EC > 4 mmhos/cm), the resulting charge prevents 
the movement of water into soil micropores and the soil particles remain aggregated.  
Conversely, if there is a low soil EC, then water is able to enter soil micropores which 
can facilitate clay swelling and dispersion.   
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It is important to determine the type of limitation created by added salts (i.e. 
whether a soil is “sodic”, “saline” or “saline-sodic” - EC > 4 mmhos/cm and SAR >13) 
when attempting to assess potential consequences for plant populations as well as 
potential strategies for salinity management.  ‘Sodic” conditions can lead to irreversible 
damage to the edaphic environment when the pore spaces formed by flocculation become 
blocked and unavailable for water transport.  Soil dispersion often leads to reduced water 
infiltration, increased runoff, erosion, and less plant-available water.  On the other hand, 
“saline” soils are typically associated with higher concentrations of flocculating agents 
such as Ca and Mg and therefore salinity is often associated with improved soil structure.   
While salinity may improve soil conditions, elevated salinity can lead to reduced 
plant establishment and growth.  As salt concentrations rise above that of the plant’s 
internal environment, the soil water potential decreases and plants become less able to 
extract water from the soil.  Even with access to an otherwise abundant water source, the 
plant suffers from drought stress, a condition that becomes more severe with increased 
salinity.  “Saline-sodic” soils are associated with similar risks to plant growth.  These 
soils can become “sodic” if salts are leached by natural (i.e. rain, flooding) or artificial 
(i.e. irrigation) water applications.  For this reason, soil remediation treatments for soils at 
risk of sodicity typically include saline water applications to restore Ca and Mg 
concentrations thereby lowering SAR before salt-leaching is performed.  
Certain soil types and shallow groundwater can predispose an area to elevated soil 
salt levels.  Fine-textured soils contain higher concentrations of clay particles which have 
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greater surface areas to adsorb salts.  Clays can also be made of different building blocks 
which affect the ability of salts to bind to each type.  Clays with lattice structures that 
have interlayer binding sites for salts (i.e. montmorillonite) can be associated with higher 
levels of salinity (Pearson 2009).  Fine-textured soils also contain smaller pore spaces for 
water transport and therefore water is less able to move downward in the soil profile (i.e. 
leach), while at the same time more water is transported upward from groundwater (i.e. 
capillary rise); both of these factors can lead to elevated surface soil salinity.  The 
cohesive properties of water allow water and it’s dissolved salts to move upward in the 
soil by capillarity.  The thickness of this capillary fringe above the water table becomes 
greater in fine textures and salts can be transported upward beyond the reach of 
subsurface water removal.  As water evaporates from the soil surface, the salts are left 
behind to become concentrated, and more water and salts are drawn upward in the 
profile.    
Areas that are deprived of flooding or those that lose more water to evaporation 
than is gained by precipitation are more likely to host elevated salt concentrations.  
Overbank flows have the ability to flush the soils of accumulated compounds and thereby 
lower salinity.  Arid or semi-arid regions where evaporation exceeds precipitation tend to 
have higher concentrations of surface salts because evaporation works to concentrate 
salts in surface soils through capillary rise from groundwater and there is insufficient 
precipitation to remove accumulated compounds (Goodall et al. 1981).  Regulated river 
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systems in arid regions are therefore at the greatest risk of elevated salinity because these 
areas are deprived of natural flushing mechanisms. 
Salinity is a major determinant of plant distribution along disturbed stretches of 
rivers in the arid southwestern United States (Busch and Smith 1995, Glenn et al. 1998).  
Riparian areas historically contained low concentrations of soil salts and therefore native 
riparian vegetation did not require adaptations to deal with elevated salinity.  Elevating 
salinity from 0.8 mmhos/cm to 1.3 mmhos/cm led to a significant decrease in cottonwood 
seedling growth for several Rio Grande populations (Rowland et al. 2004).  Similarly, 
cottonwood seed germination was found to decrease significantly when exposed to a 
growing medium with an EC of 3.25 mmhos/cm in a controlled outdoor environment 
(Shafroth et al. 1995).  Increased floodplain salinity can therefore be associated with 
reduced species richness and diversity of riparian vegetation, and also with changes in 
species composition (Lymbery et al. 2003).  Salinity increases have favored salt-tolerant 
species such as Tamarix which can exacerbate salinity through salt cycling (Glenn et al. 
1998, Jackson et al. 1990, Shafroth et al. 1995).   
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THE PROBLEM 
 
Many authors have hypothesized that soil salinity should increase underneath 
Tamarix canopies, but there is still insufficient evidence in the literature to support this 
claim.  While numerous studies have quantified salinity in Tamarix-invaded areas 
(Bagstad et al. 2006, Brotherson and Winkel 1986, Campbell and Dick-Peddie 1964, 
Carman and Brotherson 1982, Distel 2007, Gary 1965, Ladenburger et al. 2006, Lesica 
and DeLuca 2004, Nagler et al. 2008, Pataki et al. 2005, Salinas et al. 2000, Sexton et al. 
2006, Stromberg 1998, Taylor et al. 1999, Van Hylckama 1980), they do not examine 
other environmental factors that may also influence salinity or include an appropriate 
sample size to address such a complex relationship in a dynamic environment.  Most of 
these studies were designed to address questions unrelated to evaluating Tamarix 
contributions to environmental salinity, and few allow us to separate correlation and 
causation.  Here I review this literature and identify research gaps and needs. 
Several studies are often cited for showing that Tamarix elevates soil salinity, but 
by and large these simply correlate high salinity with the presence of Tamarix.  Salinity 
levels in North Central Utah, Colorado and Wyoming were found to be higher in areas 
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occupied by Tamarix compared with other vegetation types (Carman and Brotherson 
1982, Distel 2007, Ladenburger et al. 2006).  These studies however do not support 
specific salt contributions by Tamarix, but merely indicate that Tamarix can be found in 
areas with elevated salinity.  Since Tamarix can tolerate high salt concentrations in the 
soil and groundwater it is not surprising that it might be found in saline environments.  
The presence of this invasive in saline areas is not proof of salt loading by Tamarix and 
additional tests are required to support such a claim.   
Of those studies that do make direct soils comparisons between Tamarix and 
adjacent stands, the results are mixed.  Stromberg (1998) sampled soil salinity under 
Tamarix and cottonwood canopies in order to compare the functional equivalency of 
these species along an unregulated river system.  This research found no statistical 
difference between soil salinity underneath Tamarix versus cottonwood; however a 
relationship between higher salinity and increasing Tamarix age was observed.  Because 
overbank flows do flush the soils of accumulated compounds and thereby lower salinity, 
it is possible that no differences were detected because flooding removed salt deposits 
from the soils.  It is therefore important to determine how Tamarix relates to soil salinity 
in areas deprived of this flushing mechanism where salts can accumulate to lethal levels 
for native vegetation. 
Other studies have also found few differences when comparing soil salinity within 
stands of Tamarix and native vegetation (Bagstad et al. 2006, Campbell and Dick-Peddie 
1964, Gary 1965), however less than 100 soil samples were used for salinity comparisons 
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and in some cases sampling spanned over 200 kilometers.  Because riparian areas are 
highly heterogenous ecosystems, intense sampling seems necessary to robustly test 
salinity.  Therefore it is conceivable that no relationship was observed because small 
sample sizes may be inadequate to uncover any correlation.  In addition, salinity 
variations may have been undetectable because the study was performed within a flooded 
area (Bagstad et al. 2006) or within a harsh climate that dwarfs salt contributions by 
Tamarix (Gary 1965).  There is one well-replicated study that found no difference 
(Stromberg 1998) but again these results may have been influenced by flooding. 
Only one study could be considered to indicate a causal relationship between 
Tamarix and elevated soil salinity.  Dense Tamarix stands were observed to have soil 
salinity values averaging twice those of adjacent open areas in northeastern Montana 
(Lesica and DeLuca 2004).   While these results support the hypothesis that Tamarix 
increases soil salts, salt concentrations were within the range of native vegetation 
tolerance (i.e. < 4 mmhos/cm; Lesica and DeLuca 2004).   
Along an arid stretch of the Middle Rio Grande in Central New Mexico 
seemingly opposite results were found, as plots experimentally cleared of Tamarix had 
higher surface salinity than soils underneath Tamarix canopies (Taylor et al. 1999).  
While the presence of Tamarix cover can insulate the soils from solar radiation and 
thereby reduce the rate of surface soil salinization in arid environments, native cover 
might likely provide the same benefit without the added salts.  Any salt additions to the 
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soil surface by Tamarix in arid environments would likely elevate salinity beyond the 
tolerance threshold of native riparian plants.   
Remaining studies that quantified salinity underneath Tamarix either did not 
include salinity comparisons between Tamarix-invaded areas and appropriate reference 
sites (Nagler et al. 2008) or simply documented soil conditions within Tamarix-invaded 
areas to address other research questions (Brotherson and Winkel 1986, Van Hylckama 
1980).   Salt levels underneath Tamarix along the Lower Colorado River were compared 
to irrigated farmlands which are known to receive regular water applications with 
relatively high solute concentrations (Nagler et al. 2008).  Without sampling appropriate 
sites for comparison it is impossible to use these data to either support or refute a causal 
relationship between Tamarix and elevated soil salinity.   
There is limited information available about groundwater salinity in Tamarix-
invaded areas, but what research is available shows Tamarix invasion to be associated 
with higher groundwater salinity (Nagler et al. 2008, Pataki et al. 2005, Salinas et al. 
2000).  In Spain, Tamarix was linked to higher dissolved solids in groundwater but the 
authors concluded that elevated salinity was caused by anthropogenic practices which 
facilitated the replacement of riparian vegetation with Tamarix (Salinas et al. 2000).   
Research performed near Moab, UT also observed higher groundwater salinity within a 
Tamarix-invaded site compared with a native-dominated area, but again Tamarix 
invasion could have been the result and not the cause of elevated salinity (Pataki et al. 
2005).  Along the lower Colorado River, areas dominated by Tamarix at farther distances 
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from the river had higher groundwater salinity than more river-adjacent sites (Nagler et 
al. 2008).  These results indicate that deep-rooted Tamarix can elevate the salinity of 
groundwater that is disconnected from the river; however elevated groundwater salinity 
can merely be due to this separation alone.  Salts can become concentrated in 
groundwater through salt regulation at the root endodermis by Tamarix plants.  As more 
water is extracted from the groundwater table, salt concentrations build up outside plant 
roots thereby increasing the salinity of the groundwater.  Increased Tamarix density can 
increase the rate of groundwater salinization and flooding is necessary to mitigate this 
effect. 
Tamarix stand features (i.e. age and density) can help explain the degree of 
surface salt input associated with Tamarix invasion.  There is some information about the 
relationship between Tamarix age and surface soil salinity, but to date no studies agree on 
the direction of salt level change with age.  As previously mentioned Stromberg (1998) 
observed that soil salinity increases with greater Tamarix age (i.e. from 4 to 43 years of 
age) along a free-flowing river in Arizona.  However, research performed by Sexton et al. 
(2006) in Montana found no relationship between Tamarix age and environmental 
salinity.  Contrary to these findings, preliminary data collected along the Middle Rio 
Grande suggests that older Tamarix growth (i.e. approximately 35 years old) may have 
the least saline soils (Lair personal communication).  These results seem to indicate that 
the pattern of surface soil salt loading relative to Tamarix age may be related to flooding 
and temperature but also can be the result of the physical changes of Tamarix with age.  
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Microclimate conditions associated with Tamarix growth can be used to explain 
salt level variation, or lack thereof, by Tamarix age.  For example, as previously stated, 
contrasting salinity relationships were observed between soils underneath Tamarix 
canopies and within adjacent open areas for a semi-arid (Lesica and DeLuca 2004) versus 
an arid (Taylor et al. 1999) climate.  These results suggest that vegetation cover, which 
changes with age, may be influencing salinity.  It is difficult to make generalizations 
about the lack of variation in salinity by Tamarix age within the Sexton et al. (2006) 
study since soils were not associated with the canopy of specific individuals of known 
age but rather stand age was estimated by sampling the three largest plants within a stand.  
It is possible however that similar to Lesica and DeLuca (2004), the milder climate in 
Montana eliminated the importance of vegetation cover in mediating salt content.  On the 
other hand, because evaporation is a major factor contributing to elevated salinity levels 
in arid regions (i.e. Middle Rio Grande), the near-closed canopy of monotypic decadent 
Tamarix stands could contribute to reduced solar radiation and elevated humidity levels 
at the soil surface.  This insulation could decrease evaporation and therefore decrease the 
capillary rise of salts in the soils.  Elevated humidity at the soil surface could also 
decrease the rate of evapotranspiration by Tamarix individuals and thereby decrease the 
rate of water and salt transport through the plant.  
The biology of Tamarix may also influence salt level variation by age which 
could represent the best available evidence that Tamarix is physically working to elevate 
surface soil salt concentrations rather than simply being located in saline areas.  In older 
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Tamarix stands, often composed of decadent woody material, leaf area may decrease with 
increasing stem area past a certain age (Nagler personal communication; Figure 1).  The 
decreased foliar biomass of older stands can therefore contribute to less salt-rich leaf 
litter deposition onto the soil surface, resulting in lower levels of salinity that were 
observed in older growth along the Middle Rio Grande.  The aboveground stem network 
of older Tamarix can also lead to elevated salinity in flooded areas.  Tamarix is known to 
trap finer sediments when exposed to flooding and clay content was observed to increase 
with increasing stand age (Stromberg 1998).  If older Tamarix stands are associated with 
higher clay content and clay soils that typically contain more salts, then it is possible that 
the increase in salinity with increasing Tamarix age observed by Stromberg (1998) was 
the result of the growing habit of this plant.    
23 
 
Leaf Area vs. Stem Area
All Branches
Stem Area (m 2)
0.0 0.1 0.2 0.3 0.4 0.5
L
e
a
f A
re
a
 (m
2
)
0
2
4
6
8
10
Leaf Area vs. Stem Area
Heat Balance Branches
Stem Area (m 2)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
L
e
a
f A
re
a
 (m
2
)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
y = 10.4 y 0.68
r2 = 0.71
y = 23.0 x - 0.136
r2 = 0.91
 
Figure 1. General trend showing a decrease in the ratio of Tamarix leaf area to stem 
area as stem size increases (Nagler personal communication).  
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STUDY SITES 
 
More research is needed to better understand the relationship between Tamarix 
invasion and environmental salinity, especially in the context of abiotic factors (i.e. 
hydrology and climate) that may also influence salinity.  Due to the availability of 
relevant data (e.g. Lair personal communication, Taylor et al. 1999) as well as the 
presence of Tamarix stands of varying densities and ages, the Middle Rio Grande 
represents the best model to study the effects Tamarix on environmental salinity in 
combination with other potential predictors of salinity.  This river reach is equipped with 
a system of levees and Tamarix has a strong presence in both the distal historic floodplain 
(i.e. outside the levees and deprived of flooding) as well as the proximal active floodplain 
(i.e. inside the levees and exposed to periodic flooding).  While the Middle Rio Grande is 
located within a dry climate that could work to elevate surface salt levels through more 
rapid rates of salt redistribution by Tamarix and increased capillary rise of salts through 
evaporation, this climate does not completely mask salt contributions by Tamarix.   For 
example, it would be difficult to detect salt contributions by Tamarix along the Lower 
Colorado River within the Sonoran and Mojave deserts because extreme summer 
25 
 
temperatures, that often exceed 49 degrees Celsius (120 degrees Fahrenheit), likely lead 
to high accumulations of evaporative salts in surface soils that are unlikely to be 
countered by an average of 50 mm (2 inches) of rain per year.   A thorough study that 
quantifies salinity in relation to Tamarix stand features and other environmental 
variables, in an environment where potential relationships can be observed, will provide 
valuable information about the primary contributors to floodplain salinity in invaded 
riparian areas.  
The headwaters of the Rio Grande are located in the southern Rocky Mountains, 
in the state of Colorado, USA.  The river flows south through the states of Colorado and 
New Mexico before turning southeast to form the boundary between the United States 
and Mexico and eventually empties into the Gulf of Mexico. The Rio Grande drains an 
area of over 400 thousand square kilometers (250 thousand miles), the sixth largest 
watershed in North America.  Most of the runoff that supplies the river originates as 
snowfall in the San Juan, Sangre de Cristo, and Jemez mountain ranges. 
The physical setting for the river section known as the Middle Rio Grande (i.e. 
Cochiti Dam to the headwaters of Elephant Butte Reservoir) is framed by mountain 
ranges rising 2000 meters (m) to the west and 1600 m to the east along the northern river 
reach.  Smaller mountain ranges (e.g. Sandia mountains and Magdalena mountains) 
border the river along the central and southern reaches.  The valley floor averages 1470 m 
above sea level; however surface elevations within the study sites for this dissertation 
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research ranged between approximately 1320 m (southern sites) and about 1430 m 
(northern sites).   
The study area focused on an approximate 100-kilometer stretch of the Middle 
Rio Grande from State Highway 60 near Bernardo south to the Fort Craig Bridge (Figure 
2).  Sites were located in areas both exposed to and deprived of overbank flooding on 
lands managed by the United States Fish and Wildlife Service (Bosque del Apache 
National Wildlife Refuge - BDANWR and Sevilleta National Wildlife Refuge – Sevilleta 
NWR), Bureau of Reclamation (BOR), New Mexico Department of Game and Fish 
(Bernardo NWR and LaJoya NWR), and Middle Rio Grande Conservancy District 
(MRGCD).  
Climate 
Central New Mexico has an arid to semi-arid climate where potential annual 
evaporation exceeds precipitation.  Specifically, the Middle Rio Grande Valley is arid 
with an average of less than 250 mm (10 inches) of rain annually and a mean maximum 
daily temperature during summer months of nearly 40 degrees Celsius (104 degrees 
Fahrenheit; Figure 3).  During the warmest months of July and August, afternoon 
convective storms are created by high temperatures that draws moist oceanic air inland.  
These monsoon thunderstorms deliver approximately half of the annual precipitation in 
brief high-intensity events (NOAA 2006). Minimum temperatures below freezing are 
common during winter months. 
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Figure 2. Research sites (green circles) along the Middle Rio Grande, Central New 
Mexico. Bureau of Land Management (BLM), Bureau of Reclamation (BOR), Forest 
Service (FS), United States Fish and Wildlife Service (FWS). 
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Figure 3. Mean monthly maximum temperature and mean monthly precipitation for the 
Middle Rio Grande, New Mexico recorded at Sevilleta NWR during the study period in 
2007 and 2008.  Data retrieved from the New Mexico Climate Center 
(http://weather.nmsu.edu/) on November 8, 2008. 
 
Geologic Activity 
The Middle Rio Grande is associated with unique geologic and tectonic features 
that lead to a natural propensity for elevated environmental salinity.  The Rio Grande 
valley in northern and central New Mexico was not carved by the river but was created 
when the surface crust began to pull apart nearly 30 million years ago.  This movement 
was the result of faulting and a surge of magma upward from the mantle following 
contact between the North American and Pacific tectonic plates.  The sinking plate 
became the Rio Grande valley (a.k.a. rift valley) and the adjacent mountains were formed 
by plate uplift.  The river followed this pre-established path better known as the Rio 
Grande rift.   
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The Rio Grande rift contains a system of faults and basins that are tectonically 
and geothermally active.  These basins overlie volcanic vents which facilitate the transfer 
of Mg and Na minerals from the mantle to the subsurface environment.  Where the valley 
walls come close together and the river becomes confined within these “pinch-points,” 
warmed groundwater readily dissolves these natural salts thereby increasing salinity.  
Most of the salinization of the Rio Grande is attributed to groundwater contact with 
geothermally active areas within rift basins (Phillips et al. 2003).  One major pinch-point 
(San Acacia) and two minor pinch-points (Escondida and San Marcial) are located within 
the study area which suggests that these areas and those directly downstream could 
contain relatively high levels of salts. 
Soil Type 
The active volcanic history within the Rio Grande watershed has led to the uplift 
and formation of volcanic rocks that likely influence the natural salt content of soils and 
water throughout the study area (Veatch 1998).  The primary soil parent material within 
the study reach is alluvium, which is material from weathered rocks transported from the 
mountains to the basin by water (Johnson 1988).  Specifically, floodplain alluvium is laid 
down adjacent to the river course when weathered materials are suspended and 
transported downstream by overbank flows.  The dominant sources of this alluvium are 
rhyolite and limestone (Johnson 1988).  Rhyolite is a volcanic rock that contains nearly 
75% silica and feldspar which breaks down to form primarily Na and K minerals.  In 
contrast, limestone is a sedimentary rock that is composed largely of calcite (CaCO3).  
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Both of these rock types have undoubtedly contributed their share of salt constituents to 
the study area; however the degree to which various rock formations are responsible for 
elevated salinity in a given area is difficult to determine.   
The majority of the research sites, particularly those inside the levees are 
classified as the soil subgroup Typic Ustifluvent (Johnson 1988).  These soils are formed 
in recent alluvium derived from several sources with a semi-arid moisture regime. 
Remaining soils outside the levee system were of the Anthony, Armijo, Brazito, Gila, and 
Saneli soil series (Johnson 1988).  These soils are all formed in recent alluvium from 
various sources.   The majority of sites outside the levees contain a complex of Anthony 
and Gila, both of which are coarse to loamy calcareous (Ca-rich) soils.  Brazito series 
soils are rapidly permeable and are found on three sites on the LaJoya NWR.  The Saneli 
and Armijo soils are also only found on a few sites and contain high concentrations of 
montmorillonite (shrink-swell) clays.  The lattice structure of this clay type enables water 
to infiltrate its internal structure causing it to expand more than other clay types.  If Na is 
the dominant exchangeable cation, these particles can swell up to several times their 
original volume and essentially seal the soil off to percolation.  A description of each soil 
series is available in Appendix A.  
Hydrology 
The events that led to Tamarix invasion and salt loading along the Middle Rio 
Grande began with the completion of the levee system in 1950 as well as the construction 
of dams and diversion channels (Crawford et al. 1993, Woodson 1961).  This regulation 
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network diminished the peaks of spring flows and extended the early summer high-water 
period, both of which favor Tamarix propagation over native riparian species (Figure 4).  
The river still floods the area between the levees periodically (approximately every 5 – 7 
years) but these flows are kept within the levees and are of insufficient magnitude to 
rework the floodplain (Hink and Ohmart 1984).  Overbank flooding does facilitate 
groundwater recharge inside the levee system leading to a relatively shallow water table.  
On the other hand, areas outside this levee system are no longer hydrologically connected 
to the river and are therefore associated with deeper groundwater and xeric surface soil 
conditions.  While higher water levels during the summer and weak flood flows that fail 
to remove woody vegetation have favored Tamarix over native riparian species within the 
active floodplain (i.e. inside the levees), this drought-tolerant species is well equipped to 
establish and dominate more xeric areas outside the levees as well. 
Vegetation 
The altered hydrology has led to the large-scale replacement of native riparian 
vegetation by Tamarix along the Middle Rio Grande.  The dominant species (cottonwood 
- Populus deltoides ssp. wislizenii) is experiencing high mortality rates accompanied by 
insufficient seedling recruitment (Rowland et. al 2001, Rowland and Johnson 2001).  In 
the absence of new recruits, the mature riparian cottonwood community is declining 
dramatically (Howe and Knopf 1991) and Tamarix has opportunistically filled the gaps 
left open by native riparian species (Busch and Smith 1995).  The specific study reach for 
this dissertation research lies within one of the most Tamarix-concentrated stretches of 
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Rio Grande with stands containing near 100% Tamarix cover extending for several 
kilometers across the floodplain.  These “Monotypic Tamarix” thickets are abundant both 
inside and outside of the levee system and contain Tamarix individuals of various ages 
and densities.  
Most of the remaining native riparian plants on the Middle Rio Grande lie within 
the levees that parallel the river.  Many of the areas containing cottonwood and willows 
(Salix gooddingii and S. exigua) in the overstory, however, are also lined with a thick 
Tamarix understory.  These “Mixed Mesic” sites represent an early successional stage 
that is leading up to a climax community that will one day be dominated by Tamarix if 
the current hydrology continues to minimize recruitment of native trees (Howe and 
Knopf 1991). 
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Figure 4. Middle Rio Grande hydrograph during the sampling period in 2007 and 2008.  
Data obtained from the USGS Surface Water-Daily Data for the Rio Grande San Marcial 
Floodway gauge, URL: http://waterdata.usgs.gov/. Data retrieved on February 6, 2009. 
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Introduced Tamarix monocultures now comprise large tracts of the floodplain, in 
which little to no entirely native riparian plant populations can be found, even in areas 
exposed to flooding.  The only stands of primarily native riparian vegetation within the 
study reach are restored parcels on the BDANWR.  These “Restored Native” 
communities therefore represent the best available “control” for salinity comparisons 
with sites classified as “Monotypic Tamarix” and “Mixed Mesic.”  More specific site 
descriptions for the restored communities within the BDANWR are located in Appendix 
B.   
The Middle Rio Grande represents an ideal setting to examine the relationship 
between salt-tolerant Tamarix and environmental salinity as this area contains many 
variables that influence salt levels (Figure 5).   Therefore specific salt contributions by 
Tamarix can be studied in relation to many other environmental salinity predictors to 
potentially settle the debate about whether Tamarix impacts its own environment via salt 
cycling between plant and soil.  This information is necessary to forecast possible long-
term environmental impacts by this invasive species as well as develop appropriate 
management strategies for habitat rehabilitation upon Tamarix removal.   
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Figure 5. The primary transport mechanisms for salts to and from surface soils and 
groundwater within the arid study reach along the Middle Rio Grande.  Black arrows 
represent the movement of salts toward or away from surface soils and groundwater. 
35 
 
CHAPTER 2 
 
Stem diameter-age relationships for Tamarix spp. along the Middle Rio Grande in 
Central New Mexico. 
 
INTRODUCTION 
 
Annual growth rings of trees and shrubs can be valuable indicators of past 
climatic and disturbance conditions and are the basis for determining woody species age.  
Since the primary methods of age determination for woody species is through counting 
annual growth rings from increment bores (i.e. stem cores) and stem cross-sections, 
identification of individual plant ages can be labor-intensive across a large area.  If a 
relationship between stem diameter and age is identified for target woody species within 
a given area, then the effort required to sample woody vegetation age can be dramatically 
reduced.  This research investigates the relationship between stem age and diameter for 
an invasive woody tree found in the American Southwest, and its potential for use in 
ecological study and management of the species. 
36 
 
Age determinations are particularly important for relating the rate of ecosystem 
change to woody non-native species invasions.  Tamarix spp. (a.k.a. saltcedar, tamarisk) 
are invasive, non-native plants that have taken a permanent foothold in southwestern 
United States riparian ecosystems (DiTomaso 1998, Smith et al. 1998, Stromberg 2001, 
Stromberg and Chew 2002, Zouhar 2003).   Tamarix can form dense stands in short 
periods and these dense monotypic associations have been charged with increasing the 
frequency of flooding (DiTomaso 1998, Egan et al. 1993, Frasier and Johnsen 1991, 
Friederici 1995, Great Western Research, Inc. 1989) and fire (Busch 1995, Busch and 
Smith 1992, Busch and Smith 1993, Kerpez and Smith 1987, Lovich et al. 1994).  Dense 
Tamarix infestations have also been associated with frivolous water use (Cleverly et al. 
1997, Cleverly et al. 2002, Dahm et al. 2002, Sala et al. 1996, Shafroth et al. 2005, Smith 
et al. 1998) and surface soil salinization (Ladenburger et al. 2006, Lesica and DeLuca 
2004, Stromberg 1998).  It is reasonable to hypothesize that if Tamarix is in fact altering 
its environment, these effects would increase over time.  Therefore, the amount of time 
an area is dominated by dense networks of this vegetation would be expected to relate to 
the extent of environmental alteration.  While the primary causes of Tamarix invasion in 
riparian areas are well understood (i.e. altered hydrology, large-scale removal of native 
species, etc.), little information is available about the degree of ecosystem change by this 
species as a function of stand age.  Understanding Tamarix population dynamics is the 
first step toward addressing environmental impacts of invasion. 
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The unique biology of Tamarix requires special consideration when attempting to 
describe its population ecology.  Tamarix is able to resprout after disturbance and tolerate 
sediment deposition which can result in younger stem ages at the ground surface than at 
the root crown, or original germination point (Friedman et al. 2005b, Scott et al. 1997).  
Aerial (aboveground) age can be very different from the age of the genet or time since 
initial invasion and therefore any relationship between stem diameter and age can only be 
compared to environmental changes since the most recent disturbance episode.  Fire is 
the most common mode of disturbance leading to removal of aerial Tamarix growth, and 
the frequency of this disturbance can range between a few years to several decades.  Age 
information from the last disturbance may be sufficient to answer specific questions 
about short-term environmental changes; however an accurate assessment of the entire 
life history of a given individual or stand requires excavation and sectioning of the root 
crown.   
Temperature and precipitation influence the rate of tree growth and therefore 
climate is an important factor to consider before making stem diameter-age relationship 
generalizations across areas.  Two previous studies have examined stem diameter-age 
relationships for Tamarix in two different climates (Brotherson et al. 1983, 1984).  Both 
studies found stem diameter to be a strong predictor of age, however the number of 
annual rings per centimeter (cm) Tamarix growth for each study area were very different.  
A study performed in Central Utah observed 7.68 tree rings for each cm of aerial growth 
(Brotherson et al. 1983).  Utah is considered to have a semi-arid climate but the study 
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area adjacent to Utah Lake receives more precipitation than is typical of semi-arid 
regions (i.e. over 500 mm or 20 inches).  Within the Arizona study location, which is 
more representative of a semi-arid climate (i.e. annual precipitation is just over 250 mm 
or 10 inches), the number of tree rings per cm of Tamarix growth was 2.39, less than a 
third of that observed in Utah (Brotherson et al. 1984).  Thus, there is not a universal 
algorithm that may be applied to predict age from diameter.  These results suggest that 
the relationship between stem diameter and aerial Tamarix age may be specific to its 
climate and therefore it is necessary to perform site-specific stem diameter-age 
comparisons.  
Because water availability determines ring width, environmental factors that 
affect hydrology would be expected to affect the relationship between age and tree 
diameter, however no available studies have looked at the direct relationship between 
hydrology and the stem diameter-age relationship in Tamarix.  In particular, no one has 
compared Tamarix stem diameter-age assessments in areas exposed to periodic flooding 
to those deprived of overbank flows.  Overbank flooding provides both short-term 
surface water and also recharges the groundwater table for greater long-term water 
availability. Trees exposed to periodic flooding could experience growth spurts during 
wet years associated with overbank flooding and slower more gradual growth during dry 
years when flooding is absent.  Areas that no longer receive overbank flooding (typically 
outside levee systems) are associated with dry surface and subsurface soil conditions and 
greater water table depth, both of which promote slower tree growth that is likely 
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consistent from year to year.  River regulation can therefore lead to variations in annual 
ring production between individuals growing along the same river reach. 
It is important to determine how climate and hydrology affect the population 
dynamics of invasive species in order to understand the true extent of ecosystem change 
within invaded areas.  Knowledge of potential stem diameter-age relationships for 
Tamarix individuals can provide a valuable means to assess aerial Tamarix age for 
comparison with specific abiotic and biotic site variables with minimal effort required to 
obtain age estimates across large tracts of invaded floodplain.  I sought to determine if 
stem diameter can be used as an accurate predictor of aerial Tamarix age along an arid 
and regulated stretch of the Middle Rio Grande in Central New Mexico.  My specific 
research questions are: 1) Can stem diameter be used to predict aerial Tamarix age along 
the Middle Rio Grande? 2) Are potential observed patterns between Tamarix stem 
diameter and age different for areas inside versus outside the levees? 3) Does the method 
of age sampling (either core or cross-section) influence the accuracy of age predictions 
using stem diameter? 4) Are Tamarix stem diameter-age models generated for Arizona 
and Utah applicable along the Middle Rio Grande?  
The eight sites for stem diameter-age relationship sampling (Figure 2, Table 1) 
were located within lands managed by Bureau of Reclamation (BOR), United States Fish 
and Wildlife Service (USFWS; Bosque del Apache National Wildlife Refuge - 
BDANWR), and New Mexico Department of Game and Fish (NMGF; LaJoya NWR).   
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Table 1. Site information for selected stands used to determine Tamarix stem diameter-
age relationships along the Middle Rio Grande. Bosque del Apache National Wildlife 
Refuge (BDANWR), La Joya National Wildlife Refuge, (La Joya NWR), Bureau of 
Reclamation (BOR), New Mexico Department of Game and Fish (NMGF), United States 
Fish and Wildlife Service (USFWS). 
Location Land Manager Levee Status Latitude Longitude 
Fort Craig 
Bridge 
BOR Outside 33.6322159 - 107.0066746 
San Marcial BOR Outside 33.66977572 - 107.0127131 
San Marcial BOR Outside 33.67625593 - 107.007028 
San Marcial BOR Outside 33.67964842 - 107.0033515 
LaJoya NWR NMGF Outside 34.30576863 - 106.8532445 
LaJoya NWR NMGF Outside 34.31064321 - 106.8549393 
BDANWR USFWS Inside 33.78330826 - 106.8780127 
BDANWR USFWS Inside 33.7753022 - 106.8775436 
 
METHODS 
 
Dendrological sampling was performed within eight Tamarix stands along the 
Middle Rio Grande in July 2006.  Approximately 16 individuals were sampled 
(Brotherson et al. 1983, 1984) within each of six separate monotypic Tamarix stands (i.e. 
near 100% Tamarix cover) outside the levees and two monotypic stands inside the levees, 
for a total of 126 individuals.  Specifically, the three or four largest plants were sampled 
at random points located at least 35 meters inside of the north, south, east and west stand 
edges as well as in the estimated stand center.  Core samples were collected from 
individuals that were too large to cross-section using handsaws.  Samples were collected 
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approximately 30 cm above the soil surface (Brotherson et al. 1983, 1984) from the 
largest basal stem of Tamarix individuals using an increment borer or hand saw.  Two 
core samples were extracted perpendicular to one another to ensure that the pith (i.e. 
typically the center of the stem or the first-year growth ring) was obtained for each 
sampled stem.  Stem diameters were measured for all 126 Tamarix individuals at the 
stem location of sample extraction. 
Dendrological samples were analyzed at the University of Denver 
Dendroclimatology Laboratory. A total of 46 stem cores were mounted and polished with 
fine sandpaper, and the annual growth rings were counted with the aid of a microscope 
(Brotherson et al. 1983). Stem cross-sections (80 total samples) were cut in half to expose 
a smooth surface and annual rings were counted with the unaided eye. One ring was 
assumed to equal one year’s growth.  
Tamarix stems were found to undergo asymmetrical growth (Figure 6).  Exactly 
75% of the cross-sectioned trees showed asymmetry in ring growth, over 75% of which 
had a south or west-oriented stem pith.  Previous research performed on Tamarack (Larix 
laricina), a deciduous conifer in the boreal forests of Newfoundland, Canada, showed 
annual ring asymmetry to be related to summer southwesterly winds (Robertson 1986).  
Because Tamarix is also a deciduous tree, the growth of this species may also be more 
effected by summer southwesterlies than winter northeasterlies which explains the 
position of the stem pith to the south and west of stem center.  Regardless, if the stem pith 
is not located within the center of the stem where it can be accessed from all angles, then 
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the efficacy of obtaining all annual rings within a core sample and hence accurately 
calculating stem age is reduced.  In some cases, only one angle will yield a complete 
chronology (Figure 6).  To determine the accuracy of my initial core samples, I revisited 
the two most accessible research stands that received increment borer sampling and 
cross-sectioned all individuals that were previously cored at each of two previous 
sampling points (N = 8) using a chainsaw.   Time prevented the sampling of more 
previously cored individuals at other locations.  Cross sections were then aged using 
previously described methods and results were compared with previously extracted cores 
to determine if age estimates were significantly different between core and cross-section 
samples. 
 
Figure 6. Tamarix stem cross-section showing asymmetrical growth.  The stem pith 
represents the first year’s growth and this first ring must be included in the extracted 
core sample to accurately calculate stem age.  The dashed arrow shows the only 
direction this stem could be cored to obtain an accurate age value. 
 
 
Stem Pith 
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The dendrological data (Appendix C) was used to populate a linear regression 
model relating Tamarix aerial age to stem diameter, stand location (i.e. either inside or 
outside the levees), and method of sample collection (i.e. core vs. cross-section).  Log 10 
transformation of stem age and diameter variables improved the model for comparing 
methods of sample collection.  A Matched Pairs analysis was used to compare age 
determinations made from stem cores versus stem cross-sections for eight individuals 
outside the levee to determine if the asymmetrical growth observed in Tamarix stems 
resulted in significant error in age calculations.  Results of the linear regression relating 
stem diameter to aerial Tamarix age were compared with those developed for Tamarix 
individuals in Arizona and Utah to determine if Tamarix growth rates along the Middle 
Rio Grande fits the pattern of either of these areas.  All statistical analyses were 
performed in the statistical program Jump 8 (SAS Institute, Inc. 2008). 
RESULTS 
 
Results indicate that stem diameter can be used to predict Tamarix stem age for 
individuals growing outside the levee with 73% accuracy (n = 94, R² = 0.73, F-ratio = 
256.294, p <0.0001; Figure 7).  Individuals sampled inside the levees did not show any 
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relationship between stem diameter and aerial Tamarix age (n = 32, R² = 0.01, F-ratio = 
0.491).  
A significant relationship was found between stem diameter and age for larger, 
cored trees (n = 31, R² = 0.380, F-ratio = 19.388, p = 0.0001) as well as for the smaller 
trees that were cross-sectioned (n = 63, R² = 0.481, F-ratio = 58.425, p < 0.0001) 
although the slopes were slightly different (Figure 8).  Comparison of core and cross-
section age determinations for eight individuals outside the levees revealed that age 
calculations based on coring were not significantly different from ages calculated using 
cross-sections (p = 0.344, t-ratio = 1.014; Figure 9). 
 
 
Figure 7. Tamarix stem age by stem diameter for 94 individuals growing outside the 
levees along the Middle Rio Grande. Line equation: y = 0.8527x + 6.9843 where y is 
stem age and x is stem diameter. 
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Figure 8. Tamarix stem age by stem diameter for 31 cored and 63 cross-sectioned 
individuals growing outside the levees along the Middle Rio Grande. Line equation for 
core samples: y = 0.704x + 9.6952.  Line equation for cross-section samples: y = 
1.1801x + 6.3073 where y is stem age and x is stem diameter. 
 
 
Figure 9. Comparison of age calculations for core and cross-section samples for eight 
individuals growing outside the levees along the Middle Rio Grande. Bars are +1 SE for 
the whole sample.   
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The number of annual growth rings per cm of stem growth for Tamarix 
individuals growing outside the levees along the Middle Rio Grande was comparable to 
individuals sampled in Arizona but was less than one third of the average value observed 
in Central Utah (Table 2).  Different age predictor models are required to calculate age 
with greater reliability for each location using stem diameter (Table 2). 
 
Table 2. Comparison of Tamarix stem diameter-age relationship results for the Middle 
Rio Grande with two other studies performed in different areas (Brotherson et al. 1983, 
1984). In the predictor equation y is the age and x is the stem diameter. 
Study Area N R² p- value Rings/cm Predictor Equation 
Utah 80 0.74 0.001 7.68 y = 2.9x + 5.61 
Arizona 72 0.62 0.025 2.36 y = 1.92x + 5.56 
Middle Rio Grande 94 0.73 <0.0001 2.23 y = 0.85x + 7.06 
47 
 
DISCUSSION 
 
Stem diameter was a good predictor of aerial Tamarix age along the Middle Rio 
Grande but only in areas deprived of flooding (i.e. outside the levees).  Inside of the 
levees, I found no relationship between diameter and age with a large degree of 
variability in size for trees of similar ages.  However, ring counting revealed that the trees 
sampled inside of the levee did not have as great a range of ages as those outside and the 
sample size was smaller overall.  Had sampling over a wider range of ages been 
conducted, a relationship may have been detected.   It is also possible that the dynamic 
conditions associated with overbank flooding and shallow groundwater depth alter the 
growth rate of Tamarix.  Flood flow coverage is not equal across the floodplain and 
therefore individuals inside the levees are exposed to different frequencies, amounts and 
duration of surface water.  Larger annual rings or greater rates of tree growth are likely 
associated with optimal levels of moisture availability.  Prolonged periods of inundation 
can slow tree growth as can too little water.  Overbank flooding can also cause 
groundwater levels to rise making subsurface water more available for trees.  
Groundwater elevation is not uniform and some trees could have greater water access 
than others.  These sporadic pulses of surface and subsurface water can lead to 
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unpredictable patterns in annual ring production and subsequent variations in stem size 
that differ between trees within the same area.  High variability in stem diameter among 
individuals of the same relative age precludes the use of this measure to accurately 
predict age for stands inside the levees.  
  Since Tamarix stems can experience asymmetrical growth, age calculations based 
on core samples can underestimate a stem’s true age.  When annual rings become thicker 
on one side of the stem than the other, coring through the center of the stem may not be 
sufficient to sample the pith (i.e. the first annual ring).  Extracting multiple cores per stem 
increases the probability of sampling the pith but only a cross-section can guarantee that 
all annual rings are contained in the sample.  As expected, cross-section samples were 
better than cores at relating stem diameter to aerial Tamarix age outside the levees.  
Although we cannot compare techniques in this way because size is confounded with 
sampling technique (i.e. all the largest individuals were cored and the smallest trees were 
cross-sectioned), these data can give us a general indication that both of these methods 
are useful for determining stem diameter-age relationships.  For trees that were sampled 
both ways, the estimation of age was dramatically different for only one of the trees 
sampled, or 12.5%, which may help to explain some of the previously inexplicable error 
(27%) in the regression model.   
The slower growth rate for Tamarix individuals growing in Utah relative to 
Arizona and New Mexico is likely related to the timing of peak precipitation.  The Utah 
study location is associated with higher levels of overall precipitation but this 
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precipitation is delivered primarily in late fall, winter and early spring when Tamarix 
vegetation is dormant (Figure 10).  Conversely, the Arizona and Middle Rio Grande 
study areas receive the majority of their rainfall during late summer monsoon 
thunderstorms, which coincides with the peak growing season of Tamarix (Figure 3 and 
Figure 10).  Greater moisture availability when Tamarix is actively growing would likely 
lead to production of larger annual growth rings leading to fewer rings per cm growth.  
These observed variations in tree ring production by climate most likely mean that site-
specific Tamarix age predictor equations will be necessary to determine age using stem 
diameter. 
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B) 
Figure 10. 2008 Climate diagrams for previous study sites used to create stem diameter-
age relationships for Tamarix.  A) Provo, UT is near Utah Lake (Brotherson et al. 1984), 
and B) Kayenta, AZ is near Navajo National Monument (Brotherson et al. 1983).  
Climate data obtained from Western Regional Climate Center (www.wrcc.dri.edu/). Data 
retrieved on February 17, 2009. 
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CONCLUSIONS 
 
Age predictions based on stem diameter have been used for years, but it is 
difficult to apply these estimates to other areas with very different climatic conditions.  
My results support this claim but go a step further to suggest that generalizations should 
not be made across hydrologic barriers.  Specifically my research found:  
1) Stem diameter can be used to predict aerial Tamarix age along the Middle Rio 
Grande. 
2) However, stem diameter may only be useful for predicting Tamarix aerial age 
in areas deprived of flooding, typically outside the levees. 
3) Stem cross-sections were better at determining ages; however both core and 
cross-section methods can be useful for generating reliable stem diameter-age 
relationships. 
4) While stem diameter can be used to predict aerial Tamarix age along the 
Middle Rio Grande and within study sites in Arizona and Utah, the different 
growth rates observed for Tamarix within the sampling areas suggests that 
stem diameter-age relationships are site-specific and therefore models will 
need to be recalibrated to adjust for climatic differences in Tamarix growth.     
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CHAPTER 3    
 
 
Quantifying soil and groundwater chemistry in areas invaded by Tamarix spp. along the 
Middle Rio Grande, Central New Mexico. 
INTRODUCTION 
 
  Tamarix (a.k.a. saltcedar, tamarisk) invasion is considered a major threat to 
ecological health at both national and global levels, with potential impacts on soil and 
water dynamics.   As the common name “saltcedar” implies, one of the most often cited 
mechanisms of ecosystem change by Tamarix lies in its ability to sequester salts in its 
tissues.  This deciduous tree can extract salts from the groundwater, secrete these 
compounds from leaf tissue, and deposit them onto the soil surface through mature leaf 
senescence and exudation (Berry 1970, Thomson et al. 1969).  Tamarix may also elevate 
groundwater salinity through continuous groundwater extraction by deep roots which, 
like other halophytes, could leave the majority of dissolved salts behind (Waisel et al. 
1986).  It has been observed that these mechanisms may be able to elevate surface soil 
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(Carman and Brotherson 1982, Distel 2007, Ladenburger et al. 2006, Lesica and DeLuca 
2004) and groundwater (Nagler et al. 2008) salinity.  However, it is unclear whether soils 
and groundwater are more saline because of Tamarix invasion or other environmental 
factors.  Regardless of whether salt levels are altered by Tamarix, increases in 
environmental salinity disrupt soil nutrient dynamics and reduce groundwater quality, 
with potential negative consequences for local plant and animal populations.   
Since Tamarix is a facultative halophyte, and can therefore tolerate and even 
thrive in conditions of elevated salinity (Glenn et al. 1998), it is questionable whether 
invasion of this opportunist is the cause or the effect of solute imbalances.  It has been 
suggested that any positive relationships that have been observed between Tamarix and 
elevated soil salinity are because Tamarix has a higher known tolerance to salinity; that in 
fact it is the passenger rather than the driver of this condition (Stromberg et al. 2009).  
While elevated floodplain salinity undoubtedly contributed to the large-scale replacement 
of native riparian vegetation with Tamarix (Busch and Smith 1995, Glenn et al. 1998, 
Ohmart et al. 1988, Stromberg 2001), this invasive has the capacity to increase salt 
concentrations in surface soils having led many authors to speculate that soil salinity may 
increase significantly below Tamarix canopies (Brotherson and Field 1987, Busch and 
Smith 1993, Sala et al. 1996, Shafroth et al. 1995).  However, of the research that has 
quantified salinity in Tamarix-invaded areas (Bagstad et al. 2006, Brotherson and Winkel 
1986, Campbell and Dick-Peddie 1964, Carmen and Brotherson 1982, Distel 2007, Gary 
1965, Ladenburger et al. 2006, Lesica and DeLuca 2004, Nagler et al. 2008, Pataki et al. 
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2005, Salinas et al. 2000, Sexton et al. 2006, Stromberg 1998, Taylor et al. 1999, Van 
Hylckama 1980), none can support causation because rigorous sampling and critical 
information regarding other potential predictors of salinity are lacking.  In order to 
accurately charge Tamarix with salt-loading, we need to factor in the high level of 
variability associated with dynamic riparian ecosystems, as well as examine other 
potentially significant sources of environmental salts.  
If Tamarix does, in fact, directly contribute to soil and water salinity, then we 
might expect that the magnitude of its impact would be influenced by stand features such 
as aerial (aboveground) stem density and age.  Tamarix can form dense, monotypic 
stands in short periods that can result in greater deposition of Tamarix leaf litter which is 
high in salt content.  Tamarix can also extract groundwater and likely excludes dissolved 
salts outside plant roots.  Greater rates of leaf deposition and groundwater extraction 
associated with greater plant densities can increase environmental salinity at the local 
scale.  The aerial age of a particular Tamarix infestation (measured by stem diameter; See 
Chapter 2) also likely influences the environmental salt level.  There are conflicting 
reports, however, about the direction of salt level change with age.  Stromberg (1998) 
found older Tamarix individuals to be associated with the highest levels of salinity along 
a free-flowing river in Arizona.  Sexton et al. (2006) reported that soil salinity does not 
appear to change with age of Tamarix in Montana.   Unpublished data collected by Lair 
(personal communication) and preliminary findings for this research observed the lowest 
levels of soil salinity in the oldest Tamarix stands along the Middle Rio Grande.   
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The difference in results among these studies could be due to the environments 
within which they were observed.   While the Middle Rio Grande is a regulated river 
within an arid climate, other observations were located within stands along an 
unregulated system and in a milder climate.  Therefore changes in salinity with age may 
be due to older vegetation trapping finer sediments in flooded areas which are known to 
adsorb higher levels of salts (Stromberg 1998). Absence of variability observed by 
Sexton et al. (2006) could be explained by reduced salt transport both in the soil and 
through the plant under mild temperatures.  On the other hand, an arid, regulated system 
may provide a more transparent environment to observe salt redistribution by Tamarix 
because flood-deprived areas receive minimal sediment inputs and elevated temperatures 
can increase the rate of salt secretion (Arisz et al. 1955).   
In addition to salt redistribution by vegetation such as Tamarix, there are several 
other environmental factors that can predispose an area to elevated salt levels.  Soil 
salinity is typically exacerbated in arid and xeric regions due to a lack of sufficient 
rainfall that would leach and transport salt deposits, as well as very high evaporation 
rates.  Such factors tend to further concentrate salts in the surface soil horizons. The most 
often cited cause of elevated salt concentrations along streams and rivers however, is 
river regulation (Busch and Smith 1995, Stromberg 2001).  Flow-regulated and 
channelized river stretches can develop saline floodplain conditions because they are no 
longer subjected to periodic overbank flooding which dilutes and flushes salts from the 
soil.  
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The extent to which Tamarix invasion alters soil and water chemistry has often 
been assumed to be significant but this claim is largely unverified.  The objective of this 
research was to fill the critical gaps in understanding salt loading by Tamarix with a 
quantitative study of soil and groundwater chemistry in Tamarix-infested locations in the 
field.  Specifically I sought to answer the following research questions: 1) Do Tamarix-
dominated riparian areas have higher surface soil salinity than areas with minimal to no 
Tamarix cover?  2) If soil salinity does increase below Tamarix canopies, does the level 
of salinity decrease with greater Tamarix age and increase with greater density in areas 
deprived of overbank flooding?   3) Does groundwater salinity increase with increasing 
Tamarix density in flood-suppressed areas?  4) Does seasonal flood deprivation and 
increased solar radiation (associated with an arid climate) increase soil salinity along the 
Middle Rio Grande?  5) What other environmental factors are critical for explaining soil 
salinity in Tamarix-invaded areas?   
METHODS 
 
A total of 50 sites were sampled for vegetation and soils between May and August 
of 2007 and 26 sites were sampled for groundwater once every three months between 
summer 2007 and spring 2008 to better asses the role of Tamarix versus other factors in 
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determining floodplain salinity.  All available “Monotypic Tamarix” (near 100% Tamarix 
cover), “Mixed Mesic” (native riparian overstory and Tamarix understory), and 
“Restored Native” (planted native riparian vegetation following Tamarix removal) stands 
were selected within the study reach to compare salinity levels in soils and groundwater 
across these vegetation types.  Since “Mixed Mesic” stands were only present inside the 
levees, only stands within “Monotypic Tamarix” and “Restored Native” categories were 
associated with different hydrologic regimes (Table 3).  These stands either received 
periodic flooding (i.e. natural flooding inside the levees, or managed via flood irrigation 
to promote native riparian plant recruitment and reduced salinity), or were deprived of 
surface flows (i.e. outside the levees or without managed flood flows).   Separation of 
these stand types by hydrology serves to isolate potential Tamarix-induced alterations to 
soil and water quality, as well as addresses hydrologic impacts on environmental salinity.  
Soil sample comparisons were made across a gradient of aerial Tamarix ages and 
densities to determine how these stand attributes relate to surface salt-loading both in the 
presence and absence of flooding which could mitigate any potential salt contributions.  
Open areas were also sampled adjacent to closed Tamarix canopies to determine the 
impact of evaporation and increased solar radiation on surface soil salinity.   In total over 
90 variables and 1000 samples were used to quantify the relationship between the 
presence of Tamarix and environmental salinity in an arid setting. 
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Table 3. Stand categories and associated hydrology for salinity sampling along the 
Middle Rio Grande. 
Stand Category Hydrology Total Number of Sites 
Monotypic Tamarix Outside Levee 23 
Monotypic Tamarix Inside Levee 11 
Mixed Mesic Inside Levee 7 
Restored Native Inside Levee 5 
Restored Native Outside Levee 4 
 
Vegetation Sampling 
A detailed vegetation survey determined vegetation density and species 
composition within each site.  Vegetation was sampled along two 100-meter line 
transects per site and these lines were established in a north-south direction using a 
compass and a tape-measure.  Since soils and vegetation features tend to vary with 
greater distance from the river, transects were established parallel to the river to minimize 
the variability within sites.  Herbaceous understory-point data (species and cover type; 
i.e. basal or canopy) and overstory canopy-intercept data were collected at every meter 
(m) along each transect.  At every 10-m mark, nearest neighbor woody vegetation data 
was collected using the Point-Centered Quarter Method (Bonham 1989; Figure 11).  The 
woody plant closest to each 10th meter became the point-center and each nearest neighbor 
woody species within each of four quadrants (created by the transect line and a 
perpendicular east-west compass direction) received pertinent measurements.  Each 
woody plant was sampled for the following information: 1) species, 2) distance from the 
base of the point-center plant, 3) canopy height, 4) number of stems, 5) stem diameter at 
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breast height (cottonwood only), and 6) largest basal stem diameter at 30 centimeters 
(cm) above the soil surface (for Tamarix aerial age determinations).  The measuring rod 
used to determine plant height was not long enough to obtain exact height values for 
sampled species.  Vegetation was too dense to determine canopy height by clinometer or 
another indirect measurement in most stands and therefore height was frequently 
estimated. 
 
 
 
 
 
 
 
Figure 11. Schematic of the Point-Centered Quarter Method (Bonham 1989). 
 
 
Various calculations were used to determine vegetation cover and density along 
each transect.  Herbaceous plant and woody cover along the line transects were calculated 
by adding up the total number of occurrences (frequency) for each species by vegetation 
layer (herbaceous basal, herbaceous canopy, woody lower canopy, woody upper canopy) 
and dividing by 100 (the total number of sample points along each transect) to get the 
total cover for each species at each vegetation layer (Cummings and Smith 2000).  By 
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adding cover values for all occupied vegetation layers for each species, relative cover was 
calculated for each species along each transect.  The same woody individual was never 
measured at more than one structural layer at a single point, but there frequently were 
multiple Tamarix individuals measured at the same point (i.e. one in upper canopy and 
one in lower canopy).  Therefore, some cover values may be greater than 100%.  In 
addition, several woody vegetation values were calculated based on data collected using 
the Point-Centered Quarter Method (Table 4).   
Soil Sampling 
Surface soil samples (upper 30 cm) were collected because this represents the 
zone that would have the greatest impact on co-occurring plant species.  However, to 
ensure that individual samples did not include multiple horizons, several soil cores were 
taken in the sampling location prior to sample extraction to determine the approximate 
depth of the A horizon.  A clear break between soil horizons was not easily observed in 
the field and therefore samples could not be separated by horizon.  Since salt levels can 
vary dramatically in the surface profile, soil samples were separated into two depths: 
upper surface (0 to15 cm) and lower surface (15 to 30 cm).  During vegetation sampling, 
soil sampling markers were placed at the woody plant that was the closest to each 20-
meter increment (20, 40, 60, and 80-meter marks) along the 100-meter transect line.  
Geographic coordinates were obtained for each soil sampling marker using a Garmin 
Etrex™.  There were four soil sample locations per transect and eight total sample points 
per site. 
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Table 4. Density calculations for the Point-Centered Quarter Method (Bonham 1989). 
Density 
Value 
Units Equation Variables 
Absolute 
Density  
(λ) 
# 
Individuals/m² 
(multiply by 
10,000 to get # 
individuals/ha) 
λ= 1/r² = 
 
          16n² 
(∑n i = 1 ∑4 j = 1  R i j)²      
r = sum of the 
nearest neighbor 
distances divided 
by the number of 
quarters (n). 
quarters with species  Relative 
Density 
% total 
observations of 
a specific 
species 
4n x 100                
 
Absolute 
Cover  
(i.e. basal 
area/ha)* 
m²/ha A = πd²/4  
A x λ 
A = basal area 
d = stem 
diameter 
Total A for a species Relative 
Cover 
% of total cover 
for a specific 
species  
Total A for all species x 100 
 
# points with a species Absolute 
Frequency** 
% of sample 
points at which 
a species occurs 
total # sample points x 100 
 
Absolute Freq of species Relative 
Frequency 
% species 
occurrence 
relative to other 
species 
Absolute Freq all species 
 
x 100 
 
Importance 
Value 
Sum of the 
three relative 
measures 
Relative Density + Relative 
Cover + Relative Freq 
 
*For individuals with multiple stems A is calculated for each stem and the values are summed to get the 
true basal area. The diameter was not measured for all Tamarix stems and therefore I based basal area on a 
single stem which resulted in an underestimation of cover. 
**Sum can be more than 100% since multiple species are found at each sample point. 
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At each sampling marker, four surface soil samples were extracted (for both the 
upper and lower depths) using a hand auger with a five cm bit.  These sub-samples were 
extracted from four sides of each plant and then combined (mixed thoroughly on a tarp) 
to represent one composite soil sample for that plant.  Composite sampling was used to 
provide greater confidence that an accurate representation of the soil conditions for a 
particular plant was obtained. Soil samples were collected underneath the vegetation 
canopy, exactly one meter from the base of the plant containing the marker (the point-
center plant for the vegetation survey). When the canopy of an individual plant was less 
than one meter from the base, soil samples were collected as far from the base as possible 
while still underneath the canopy.  Soil samples are therefore directly related to a 
particular plant canopy.  Fifty sites were sampled and therefore soil samples 
corresponding to 400 plants were collected.  For sites with more sparse woody vegetation 
an additional soil sample was taken from the middle of the nearest open area (>10 m² 
area containing no woody vegetation canopy cover) in order to compare soils underneath 
Tamarix canopies with those associated with increased solar radiation.  Open canopy 
samples were composites of four sub-samples extracted from four corners of a 1 m² area.  
Soil samples were sent to the Colorado State University Soil and Water Analysis 
Laboratory (CSU) for both Routine (texture, pH, soluble salts, organic matter - OM%, 
nitrate - NO3, phosphorus - P, potassium - K, zinc - Zn, iron - Fe, copper - Cu, manganese 
- Mn, and CaCO3) and sodium absorption ratio (SAR; soluble sodium - Na, calcium - Ca, 
and magnesium - Mg, and electrical conductivity - EC) analyses.  
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Groundwater Sampling 
Groundwater monitoring wells (constructed from one 1.5 meter length by five 
cm-diameter slotted PolyVinyl Chloride - PVC pipe, one 1.5 meter length by five cm-
diameter unslotted PVC extension pipe, one base cap, and one surface cap) were installed 
along transects within 26 sites.  Only one well was installed on a select number of sites 
because of research budget and time constraints. These wells were installed in areas 
adjacent to a soil sampling location, so groundwater measurements could be directly 
compared with soils. The wells were installed to the maximum depth of the pipe (3.25 m) 
using a hand-auger 
Prior to groundwater sampling, the well casing was emptied once using a bailer in 
order to obtain a fresh sample.  Water level depth was measured manually using a plum 
bob on a tape measurer.  A Troll 9000 (In Situ Inc., Fort Collins, CO) was used to 
measure groundwater temperature, EC, dissolved oxygen, turbidity, and pH.  The Troll 
9000 probe was connected to a laptop so that data might be downloaded in the field.  A 
sample from each well was also collected to determine the specific ion content of the 
groundwater via laboratory analysis.  Groundwater measurements were recorded once 
every three months for the duration of one year (four total samples at each well). 
Collected samples were stored in plastic bottles and sent to CSU for analysis.  While the 
Troll 9000 was used to obtain direct measurements of groundwater EC in the field, many 
values were extremely low (<0.05 mmhos/cm) in the month of July which indicates that 
the device may not have been properly calibrated.  Troll readings were also very different 
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from laboratory analyses for all months, and because the values generated from 
laboratory analyses at CSU are considered more reliable, groundwater statistical analyses 
were performed using these data.   
Appendix D contains a list of all vegetation species sampled within each site and 
also provides tables showing all the raw site, vegetation, soils, and groundwater data used 
to examine the relationship between Tamarix invasion and environmental salinity along 
the Middle Rio Grande.  A list of references for soils and groundwater laboratory 
methods is available in Appendix E. 
Statistical Analyses 
A nested Analysis of Variance (ANOVA) was used to determine the appropriate 
sampling unit to examine soil salinity along the Middle Rio Grande in order to avoid the 
risk of psuedoreplication.  Using a design with site nested within stand and transect 
nested within site, it was found that sites were significantly different from one another 
outside of the levees (F-ratio = 2.583, p = 0.051), but transects within sites were too 
similar to be considered independent sampling units (F-ratio = 1.124, p = 0.358).  Inside 
the levees, only stands were found to be independent of one another (F-ratio = 36.814, p 
< 0.0001).  The tendency of overbank flooding to blend the soil nutrient environment 
inside the levees helps explain why sites within a flooded stand are more similar to one 
another than sites within a stand outside of the levees.  In order to simplify statistical 
analyses a site was used as the sampling unit.  Results will be interpreted with the 
knowledge that flooding is likely influencing site variables inside the levees.    
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Only predictor variables that were considered to be the most important variables 
to explain environmental salinity within the study reach were used to generate statistical 
models.  The primary research focus was to determine how environmental salinity 
changes with varying levels of Tamarix cover and therefore Tamarix stand features such 
as age (estimated using stem diameter for individuals growing outside of the levees; See 
Chapter 2) and density are important.  Other research suggests that soil texture and 
groundwater depth are also important independent variables when examining 
environmental salinity (Hong 2002).  It is also expected that site distance from the river 
and surface soil elevation could both influence the degree of soil salinization as areas 
farther from the river, and at greater distances above the thalweg are less likely to have an 
active flood history.   
A scatterplot or correlation matrix was used to determine whether predictor 
variables desired for modeling were correlated with the response variables or with other 
predictor variables.  This process was used to determine whether any of these variables 
covary and therefore identify potential covariates for the model.  No independent 
variables were found to be highly correlated (>0.7) with the dependent variables, but 
there were correlations between some independent variables; however the only correlated 
independent variables of interest were elevation and latitude (0.98).  Elevation was the 
more appropriate variable for this research since elevation is more likely to influence 
salinity.  Since there were 23 sites within the smallest category (i.e. Inside Levee) up to 
22 degrees of freedom were allowed to support the model. 
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The scatterplot matrix was also used to identify the most appropriate measure to 
represent Tamarix density in the model.  Tamarix absolute density (number of Tamarix 
individuals per hectare - ha) was found to be the best density measure because the data 
were not highly correlated with that of salinity variables or other independent variables 
and the data appeared to be randomly distributed within the scatterplot.  This density 
measure also seemed to be the most ecologically useful for interpreting results.  Percent 
Tamarix cover is also an important ecological measure of density, but this variable did 
not show a better distribution of salinity values than number of plants per ha.   
A Generalized Linear Model (GLM) was used to determine which of the 
measured environmental variables (or combination of independent variables) could best 
explain soil salinity within the study reach.  Unlike traditional Multiple Regression, this 
model will support interactions between independent variables.  This is important for 
understanding complex relationships within dynamic environments were many factors 
may work together to influence salinity.  One potential constraint associated with GLM is 
that it operates under the assumption that relationships among the data are linear and 
therefore this model may not be the most appropriate for explaining curvilinear patterns.   
The dependent or response variables in my models were soil EC and SAR, both of 
which were log10-transformed to create a more normal distribution of the data around the 
mean.  Independent variables used in the models were: levee status (“Inside” or 
“Outside”), elevation (m), distance from the river (m), texture, Tamarix stem diameter 
(cm), and Tamarix absolute density (number of individuals per ha).  Tamarix stem 
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diameter was also log10-transformed for analyses but transformation did not improve the 
distribution of Tamarix absolute density data.  Statistical comparisons were separated in 
the model by upper and lower soil depths. 
Separate analyses were performed for variables that were not included or 
insignificant in the statistical model but were still considered to be important for 
assessing floodplain soil salinity.  For example, groundwater depth measurements were 
desired for use in the GLM but these data were only available for 26 of the 50 sites.  
Wells were not installed on every site and some wells were dry during the sampling 
period which would have reduced the degrees of freedom and hence the power of the 
model.  Linear Regression was therefore used to plot log10-transformed salinity variables 
by groundwater depth.  In addition, an ANOVA was used to compare salt level averages 
between the three site types (i.e. Monotypic Tamarix, Mixed Mesic, and Restored Native) 
to determine if there was a statistical difference in salinity for these classifications. 
Matched Pairs analyses were performed through direct comparisons between 
paired samples to determine the role of climate in floodplain salinization and to identify 
the soil zone (i.e. upper or lower) that is most affected by salt deposition along the 
Middle Rio Grande.  Since paired samples were collected for adjacent open and closed 
canopy areas as well as upper (0 to 15 cm) and lower (15 to 30 cm) surface soil depths in 
the same location, direct salinity comparisons were possible between samples.  Transect 
averages were used for paired comparisons instead of site averages since there was no 
risk of psuedoreplication for paired samples.  Surface depth comparisons were performed 
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both inside and outside of the levees.  Open versus closed canopy samples could only be 
compared outside of the levees because there were an insufficient number of open-
canopy areas available inside the levees. 
Subsequent analyses were also used to determine how Tamarix invasion may be 
related to specific soil properties.  Linear regressions were performed on all measured 
soil variables with Tamarix stem diameter and absolute density as the predictor variables.  
Any potential influence of Tamarix on these soil response variables was undoubtedly 
affected by the site hydrology and therefore independent comparisons were made for 
each levee status and surface soil depth.    
There was an insufficient sample size to populate a GLM with the groundwater 
data and therefore a linear regression was used to detect any potential relationships with 
measured continuous predictor variables. Groundwater EC was the dependent variable 
and Tamarix stem diameter and density were the independent variables.  Wells that were 
dry on one or more sampling dates were excluded from the analysis.  All statistical 
analyses were performed in the statistical program Jump 8 (SAS Institute, Inc. 2008). 
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RESULTS 
 
For areas inside the levees, a high correlation was found between EC and SAR 
(0.82).  High correlations were also observed between EC and individual concentrations 
of Ca (0.85), Mg (0.88), K (0.74) and Na (0.98).  Outside of the levees, high correlations 
were only observed between EC and SAR (0.80) and Na (0.95).  As expected, SAR is 
highly correlated with Na concentrations but poorly related to concentrations of Ca and 
Mg.  The high correlation between EC and SAR (i.e. high EC ≈ high SAR and low EC ≈ 
low SAR) suggests that soils are less likely to be sodic (i.e. low EC and high SAR) within 
the study reach.  These results suggest that EC or salinity is the dependent variable of 
greatest interest.  It is important to note, however, that high EC and high SAR yields a 
saline-sodic environment where any reductions in EC could be detrimental to soil 
structure.  The fact that these two dependent variables show similar trends negates the 
need to show relationships for both factors and therefore remaining figures will display 
data pertaining primarily to EC.    
Paired comparisons between upper (0 – 15 cm) and lower (15 – 30 cm) surface 
soil depths showed that there was no difference between them inside the levees, but that 
upper samples have a significantly higher EC than lower soil depths outside of the levees 
70 
 
(t-ratio = -2.473, p = 0.016).  Figure 12 shows the EC difference values for upper minus 
lower soil depth salt levels both inside and outside of the levees.  The majority of the 
difference values are positive illustrating that the 0 – 15 cm soils have higher salinity than 
the 15 – 30 cm soils.  Since upper surface soils appear to be the zone of highest salt 
concentration and the most important for establishment of co-occurring native species, all 
the following figures (Figures 13 – 28) focus on specific findings at this 0 – 15 cm soil 
depth. 
The GLMs revealed that areas that receive periodic flooding (i.e. inside the 
levees) had significantly lower surface soil EC and SAR than areas outside of the levees 
where they were deprived of such flows (Table 5 and Table 6; Figure 13).  Other 
independent variables within the EC model were found to interact strongly with levee 
status largely because very few independent variables significantly explained salinity 
inside the levees where there was a greater potential for overbank flooding. 
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Figure 12. Difference in EC between upper (0 – 15 cm) and lower (15 – 30 cm) soil 
depths both inside (N = 44) and outside (N = 56) the levees along the Middle Rio 
Grande.  Positive values indicate that the 0 – 15 cm soil depth had a higher EC than the 
15 – 30 cm soil depth.  Individual bars represent an average of four samples per transect.  
 
Figure 13. Average surface (0 – 15 cm depth) soil EC for 23 sites inside and 27 sites 
outside of the levees along the Middle Rio Grande (Table 5, ± 1 SE).  Each site is an 
average of 8 samples collected within a 0.5 ha area.  
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Table 5. Generalized Linear Model results for upper (0 – 15 cm) surface soil EC 
relationships with environmental variables along the Middle Rio Grande (N = 50, R² = 
0.776, F-ratio = 12.335, p < 0.0001). 
Parameter Estimate df SE t-ratio  
Intercept -8.478  3.304 -2.57 ** 
Tamarix Stem Diameter 0.079 1 0.123 0.65 ** 
Tamarix Absolute Density  -0.026 1 0.057 -0.46  
In or Out of Levee -0.172 1 0.063 -2.73 ** 
Elevation 0.006 1 0.002 2.73 ** 
Distance From Channel  -0.284 1 0.00 4.20 *** 
Texture – Clay  0.006 1 0.062 -0.23 ** 
Texture – Sandy Clay Loam 0.008 1 0.080 0.42 ** 
Tamarix Stem Diameter*In or Out of Levee -0.014 1 0.101 -2.80 ** 
Elevation*In or Out of Levee 0.041 1 0.002 2.67 *** 
Tamarix Stem Diameter*Elevation 0.001 1 0.005 1.57 ** 
Soil Series Anthony-Gila Complex -0.371 1 0.206 -1.80 ** 
Soil Series Armijo Clay, Moderately Saline -0.195 1 0.219 -0.89 * 
Soil Series Brazito Fine Sandy Loam 0.089 1 0.203 0.44  
Soil Series Saneli Clay 0.605 1 0.213 2.84 *** 
Soil Series Saneli Clay Thin Surface 0.055 1 0.253 0.22  
* Significant at < 0.05,  ** Significant at < 0.01, *** Significant at < 0.001 
Table 6. Generalized Linear Model results for upper (0 – 15 cm) surface soil SAR 
relationships with environmental variables along the Middle Rio Grande (N = 50, R² = 
0.709, F-ratio = 10.178, p < 0.0001). 
Parameter Estimate df SE t-ratio  
Intercept -4.817  3.446 -1.40  
Tamarix Stem Diameter 0.151 1 0.107 1.41 * 
Tamarix Absolute Density  0.021 1 0.056 0.38  
In or Out of Levee -0.162 1 0.064 -2.52 ** 
Elevation 0.004 1 0.002 1.60  
Distance From Channel  0.001 1 0.000 5.72 *** 
Texture – Clay -0.181 1 0.060 -3.00 ** 
Texture – Sandy Clay Loam 0.184 1 0.094 1.95 * 
Elevation*In or Out of Levee 0.006 1 0.002 2.55 ** 
Soil Series Anthony-Gila Complex -0.581 1 0.213 -2.73 ** 
Soil Series Armijo Clay, Moderately Saline -0.398 1 0.226 -1.76 * 
Soil Series Brazito Fine Sandy Loam -0.064 1 0.192 -0.33  
Soil Series Saneli Clay 0.664 1 0.208 3.19 *** 
Soil Series Saneli Clay Thin Surface 0.617 1 0.244 2.53 ** 
* Significant at < 0.05,  ** Significant at < 0.01, *** Significant at < 0.001 
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There was a significant interaction between stem diameter and location inside or 
outside of the levees; salinity increased with increasing diameter outside of the levee, but 
there was no relationship between diameter and salinity inside of the levee where there 
was overbank flooding (Table 5 and Table 6).  Closer examination of the relationship 
between diameter and EC suggests that this relationship is more curvilinear (R2 = 0.25) 
than linear (R2 = 0.08; Figure 14), with salinity increasing with diameter until the stem 
size is between 5 and 10 cm (Figure 15).  This pattern was also observed for SAR.  On 
the other hand, Ca, Mg and K in surface soils outside the levees were observed to follow 
a linear pattern of increasing ion concentrations with greater stem diameter (Figure 16). 
 
 
Figure 14. Log10 transformed surface (0 – 15 cm depth) soil EC by Log10 transformed 
Tamarix stem diameter for 27 sites outside of the levees along the Middle Rio Grande 
(Table 5).  Each site is an average of 8 samples collected within a 0.5 hectare area. 
Regression line equation (solid line): y = 0.2385x + 0.6241.  Polynomial Regression line 
equation (dashed line): y = -0.8888x2 + 1.2971x + 0.4785 where y is Log10 EC and x is 
Log10 stem diameter.  
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Figure 15. Average surface (0 – 15 cm depth) soil EC by Tamarix stem diameter 
categories for 27 sites outside of the levees (< 5 cm N=13, 5-10 cm N= 8, >10 cm N=6) 
along the Middle Rio Grande (ANOVA: F-ratio = 2.892, p = 0.075, ± 1 SE).  
 
Figure 16. Surface (0 – 15 cm depth) soil concentrations of Ca, Mg, and K by average 
Tamarix stem diameter for 27 sites outside of the levees along the Middle Rio Grande 
Each site is an average of 8 samples collected within a 0.5 ha area.   
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Tamarix stem diameter was observed to have significant relationships with other 
soil properties, one of which (e.g. OM%) could be used to explain relationships with 
salinity (Table 7).  A positive relationship was found between OM% and stem diameter 
outside the levees, indicating that greater stem sizes are associated with more soil organic 
matter.  Greater amounts of organic matter can lead to the release of more nutrients which 
could explain the increase in numerous elements with increasing Tamarix stem size.  
Although a regression between Tamarix density and salinity shows a marginally 
significant negative correlation inside the levees (F-ratio = 5.858, p = 0.025), density is 
no longer significant when included in the full model.  These results suggest that the 
variability explained by density is actually due to correlations between this variable and 
other variables such as stem diameter.  In fact, when individual point-center plant 
diameters were compared with densities at each point, higher Tamarix densities were 
associated with the smallest individuals both inside (Linear Regression, N = 244, R2 = 
0.041, F-ratio = 11.264, p = 0.001; Figure 17) and outside (N = 284, R2 = 0.130, F-ratio = 
43.443, p < 0.0001) the levees. 
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Table 7. Significant relationships between Tamarix stem diameter and measured upper (0 
– 15 cm) surface soil variables along the Middle Rio Grande. Hyperbolic relationships 
are curvilinear and follow a pattern of initial increase until a threshold value is reached 
when values then begin to decline. 
Soil Property In or Out of Levees Direction F-ratio   
Zn In Positive 5.959 * 
Fe In Positive 11.735 ** 
Mn In Positive 7.517 * 
Cu In Positive 6.861 * 
Ca Out Positive 4.236 * 
Mg Out Positive 11.963 ** 
Na Out Hyperbolic 4.194 * 
OM% Out Positive 4.910 * 
NO3-Nitrogen Out Positive 9.123 ** 
P Out Positive 55.204 *** 
K Out Positive 20.998 *** 
Zn Out Positive 21.695 *** 
Fe Out Positive 4.900 * 
pH Out Hyperbolic 4.034 * 
* Significant at < 0.05,  ** Significant at < 0.01, *** Significant at < 0.001 
 
Figure 17. Tamarix density values calculated for individual point-centered quarter 
sampling locations by point-center plant stem diameter along the Middle Rio Grande. 
Inside Levee Regression line equation: y = -1487ln(x) + 12244. Outside Levee 
Regression line equation: y = -1781ln(x) + 7294.9 where y is density and x is stem 
diameter. 
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In addition to hydrology and Tamarix stand features, several other environmental 
factors were essential to any comprehensive study of environmental salinity along the 
Middle Rio Grande.  For my EC model there was a significant interaction between 
elevation and Tamarix stem diameter (Table 5) such that Tamarix stem diameter was 
found to decrease with increasing elevation (Figure 18).  Both EC and SAR models 
showed strong relationships with an interaction between elevation and levee status (Table 
5 and Table 6) in that surface soil EC and SAR increased with greater elevation inside the 
levees (Figure 19).  Elevation was highly correlated with latitude in the scatterplot matrix 
(approximately 0.98 for sites both inside and outside the levees; Figure 20), suggesting 
that salt level variability by elevation may actually be due to some other variable (e.g. fire 
history) associated with location. 
Distance from the river channel and soil type helped to explain some of the 
surface soil EC and SAR variability along the Middle Rio Grande (Table 5 and Table 6).  
Greater distance from the channel led to a significant increase in surface soil EC (Figure 
21) and SAR.  In addition, soil types with greater clay content (i.e. Saneli Clay soils) 
were observed to have higher salinity than coarser soils (i.e. Anthony-Gila Complex and 
Brazito Fine Sandy Loam; Figure 22).  While soil types appeared to be significant in my 
statistical models, high margins of error exist for most of the measured soil types as there 
was an insufficient number of samples within each soil type by levee category.   
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Figure 18. Tamarix stem diameter by elevation for 50 sites along the Middle Rio Grande 
(Table 5).  Each site is an average of the largest basal stem diameter from individuals 
sampled at 20 points within a 0.5 ha area. Regression line equation: y = -0.0625x + 
90.522 where y is stem diameter and x is elevation. 
 
Figure 19. Surface (0 – 15 cm depth) soil EC by elevation for 23 sites inside and 27 sites 
outside of the levees along the Middle Rio Grande (Table 5). Each site is an average of 8 
samples collected within a 0.5 ha area.  Inside Levee Regression line equation: y = 
0.0503x - 65.409 where y is EC and x is elevation. 
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Figure 20. Research site elevation by latitude for 23 sites inside and 27 sites outside the 
levees along the Middle Rio Grande. Inside Levee Regression line equation: y = 101.37x 
- 2068.5 where y is elevation and x is latitude.  
 
Figure 21. Surface (0 – 15 cm depth) soil EC by distance from the river channel for 23 
sites inside and 27 sites outside of the levees along the Middle Rio Grande (Table 5).  
Each site is an average of 8 samples collected within a 0.5 ha area. Inside Levee 
Regression line equation: y = 0.0042x + 1.3183. Outside Levee Regression line equation: 
y = 0.0078x + 2.7125 where y is EC and x is distance from channel.  
80 
 
 
Figure 22. Average surface (0 – 15 cm) soil EC by soil type for 23 sites inside and 27 
sites outside the levees along the Middle Rio Grande (± 1 SE).  Each site is an average of 
8 samples collected within a 0.5 ha area. 
 
 
Texture was found to be a strong predictor of both EC and SAR (Table 5 and 
Table 6).  Soils with higher clay content were found to have higher EC and SAR values 
outside the levees (Figure 23).  A logistic regression was performed with texture as the 
dependent variable to determine if there were any identifiable patterns between this 
variable and Tamarix stem diameter.  Results indicate that sites with greater Tamarix 
stem diameter have a significantly higher surface soil clay content inside the levees (Χ² = 
10.692, p = 0.005; Figure 24).  On the other hand, sites with larger-diameter Tamarix 
stems outside the levees show a trend toward coarser soils (Χ² = 4.264, p = 0.118).  
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Figure 23. Average surface (0 – 15 cm depth) soil EC by texture for 21 sites (Clay N=15, 
Sandy Loam N=6) and 25 sites outside (Clay N=12, Sandy Loam N=13) of the levees 
along the Middle Rio Grande (Table 5, ± 1 SE).  The two sites containing sandy clay 
loam both inside and outside the levees were excluded. Each site is an average of 8 
samples collected within a 0.5 ha area.   
 
Figure 24. Average Tamarix stem diameter by soil texture for 20 sites inside (Clay N=14, 
Sandy Loam N=6) and 22 sites outside (Clay N=9, Sandy Loam N=12) of the levees 
along the Middle Rio Grande (± 1 SE).  The two sites containing sandy clay loam both 
inside and outside the levees were excluded. Each site is an average of 8 samples 
collected within a 0.5 ha area.   
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While groundwater depth is undoubtedly a critical variable for inclusion in my 
assessment of floodplain salinity along the Middle Rio Grande, this variable was 
excluded from my models because only 26 of my 50 sites received these measurements.  
A linear regression evaluated the importance of this variable independently and found 
that as groundwater depth increased, surface soil EC significantly decreased inside the 
levees (F-ratio = 6.985, p = 0.027; Figure 25).  No statistical relationship between these 
two variables was observed outside of the levees. 
 
 
Figure 25. Surface (0 – 15 cm depth) soil EC by depth to groundwater for 11 sites inside 
and 15 sites outside of the levees along the Middle Rio Grande.  Each site is an average 
of 8 samples collected within a 0.5 ha area. Inside Levee Regression line equation: y = -
0.0261x + 10.388 where y is EC and x is groundwater depth.   
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Exposure to surface evaporation (“climate”) significantly impacted soil salinity, 
with surface soils in open areas (i.e. without Tamarix cover) having significantly higher 
EC when compared directly with adjacent closed-canopy soils (Matched Pairs analysis, t-
ratio = 2.384, p = 0.025; Figure 26).  Climate data was not included in the full model 
because of an insufficient sample size inside the levees.   
 Groundwater salinity was also measured within the study area to determine the 
relationship between this dependent variable and measured predictor variables.  The 
limited number of wells available for sampling prevented the use of these data to create a 
robust model (N = 12 outside the levees and N = 6 inside the levees).  Groundwater EC 
increased with greater Tamarix absolute density outside of the levees for all months.  The 
relationship, however, was only strong enough in November to be significant at the 0.05 
level (F-ratio = 13.025, p = 0.005; Figure 27).      
The ANOVA comparing observed mean surface soil salinity between qualitative 
site classifications showed “Monotypic Tamarix” to have higher SAR compared with 
“Restored Native” sites outside the levees (F-ratio = 7.800, p = 0.010; Figure 28).  A 
trend was also observed for higher surface soil EC within Tamarix-dominated than 
native-dominated sites (F-ratio = 3.869, p = 0.060).  No difference was observed between 
site types inside the levees. 
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Figure 26. Difference in EC between closed and open canopy surface (0 – 15 cm) soil 
samples for transects with open areas outside the levees (N = 25) along the Middle Rio 
Grande.  Negative values indicate that surface soils associated with open areas had a 
higher EC than those corresponding to closed canopies.  Bars represent transect 
averages. 
 
Figure 27. Groundwater EC by absolute Tamarix density for 12 sites outside of the levees 
along the Middle Rio Grande. November Regression line equation: y = 0.0009x + 0.6375 
where y is groundwater EC and x is density. Only wells that were sampled for 
groundwater throughout the entire sampling period were included in the analysis. 
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Figure 28. Average surface (0 – 15 cm depth) soil SAR by site category for 23 sites inside 
(Monotypic Tamarix N=11, Mixed Mesic N=7, Restored Native N=5) and 27 sites 
outside (Monotypic Tamarix N=23, Restored Native N=4) of the levees along the Middle 
Rio Grande (± 1 SE).  No Mixed Mesic sites were available outside the levees. 
DISCUSSION 
 
My results support previous assertions that flow-regulated and channelized river 
stretches can develop saline bankside conditions because they are no longer subject to 
periodic flooding which washes salts from the soil (Stromberg et al. 2009, Ohmart et al. 
1988).  I found areas outside of the levees to have higher concentrations of surface soil 
salts compared with sites located inside the active floodplain irrespective of other 
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variables that may contribute to salinity.  Flooding appears to mitigate elevated salt levels 
regardless of their source, and therefore may be the most important factor for assessing 
floodplain salinity.   
Climate also appears to play a critical role in floodplain salinization, but again, 
flooding can likely alleviate the effects of this factor.  I found that areas lacking woody 
vegetation cover have higher surface soil salinity than areas underneath Tamarix 
canopies.  These results indicate that regardless of whether Tamarix is influencing 
surface salt content in arid riparian areas, surface evaporation may contribute more to 
elevated salt concentrations than Tamarix or may exacerbate contributions by leaf 
exudates.  
While there is a very complex network of environmental variables and 
interactions that can influence environmental salinity in riparian areas, this research 
suggests that in addition to site hydrology and climate, elevation, distance from the river, 
soil type, texture, groundwater depth, and Tamarix stem diameter are the most critical 
salinity predictors along the Middle Rio Grande.  These results shed light on previous 
discrepancies in the literature about the causal relationship of Tamarix and environmental 
salinity, and may be the first to actually indicate an effect of this invasive species on its 
abiotic environment.  
Prior to the findings by Lair (personal communication), it seemed plausible that 
older Tamarix stands would have the highest levels of salinity since the presence of older 
individuals suggests longer periods of salt redistribution to surface soils.  However, the 
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high salinity tolerance of Tamarix may indicate that invasion is the effect of salinization 
rather than the cause (Stromberg et al. 2009).   The differences in soil salinities between 
stand types in this study could certainly be explained in this way.  River regulation has 
facilitated the build-up of surface salts that were historically removed by overbank flows, 
however, the non-linear relationship between surface soil salinity and stem diameter in 
the absence of flooding suggests a more causal role of Tamarix itself.  Salinity may 
increase initially after invasion or disturbance and then decrease beyond a certain 
Tamarix age, as indicated by stem diameter (see Chapter 2 for the relationship between 
diameter and age).  This is of interest because we would not expect to see this hyperbolic 
relationship if Tamarix is simply establishing where conditions are more saline.  
The same curvilinear relationship was also observed between Tamarix age and the 
primary measure of sodicity (i.e. SAR) and therefore older Tamarix stands may be less 
likely to develop sodic conditions.  While no soils within the study reach were observed 
to be “sodic,” soils containing high SAR values in addition to elevated EC (i.e. those 
found to be associated with intermediate-aged Tamarix) are at greater risk of sodicity 
because EC could be reduced by natural (i.e. rain, flooding) or artificial (i.e. irrigation) 
water applications that leach salts from soils.  If soil salinity levels fall below the 
threshold and Na is still the dominant cation, then water can enter soil micropores and 
soil particles can disperse leading to reduced infiltration capacity of the soil and reduced 
plant-available water.   Intermediate-aged Tamarix stands with their higher rates of salt 
deposits can therefore be at the greatest risk to this loss of soil structure.  
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Unlike areas outside the levees, Tamarix age appeared to show no relationship 
with salinity in areas exposed to overbank flooding, which explains the interaction 
between age and hydrology in the salinity model.   While we would expect flooding to 
wash away any potential salt contributions by Tamarix, there were far fewer samples 
inside the levees and samples consisted of solely young and intermediated-age stands 
with no representatives of older ages.  It therefore seems risky to infer no relationship 
under this limited number of samples and range of ages. 
A combination of microclimate and plant biology can be used to explain the 
observed relationship between salinity/sodicity and stand age in a flood-deprived arid 
system.  In arid regions where evaporation exceeds precipitation, the completely closed 
canopy of monotypic decadent Tamarix can reduce surface soil exposure to solar 
radiation and evaporation and thereby reduce the capillary rise of salts upward in the 
profile.  This dense cover of vegetation could also elevate humidity levels within the 
stand and reduce the rate of evapotranspiration (ET) by Tamarix individuals which slows 
water and solute transport through the plant.     
Microclimate conditions however do not explain why stands composed of the 
smallest individuals (i.e. less vegetative cover) would have lower soil salinity levels.  
Changes in salt concentrations underneath Tamarix observed by this research may be due 
to the amount of leaf material deposited onto the soil surface.  While younger Tamarix 
individuals are made up primarily of leaf material, they have far fewer leaves than older 
vegetation.  Leaf initiation and growth increases in Tamarix until a particular stem age is 
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reached, at which point further increase in basal diameter may be related to a decline in 
foliar tissue production, with stand biomass becoming increasingly comprised of  
decadent woody material (Nagler personal communication).  Older Tamarix growth may 
not be producing fewer leaves than middle-aged Tamarix that is in peak foliar production, 
however, the dense woody network in the lower canopy of old stands could intercept leaf 
material before it reaches the soil surface.  Middle-aged vegetation with more leaves and 
smaller stems would likely be associated with the highest ET rates and greatest leaf 
deposition onto the soil surface which could lead to increased surface salt-loading.  
If salts are accumulating underneath Tamarix canopies over time, then older 
stands that have been around longer should still have the highest surface soil salt levels.  
The relatively low soil salinity associated with older Tamarix growth suggests that salts 
are being removed from surface soils by some mechanism.  Perhaps the brief high-
volume water inputs delivered by summer monsoon thunderstorms could be sufficient to 
remove salts from the surface soils.  In addition, Tamarix vegetation may trap and 
insulate this moisture, enhancing salt transport to greater soil depths.  Regular removal of 
surface salts would allow the salt content of the top soil to be closely related to more 
recent salt inputs by Tamarix. 
While Tamarix-dominated (i.e. Monotypic Tamarix) sites were found to have 
higher average EC and SAR than sites with minimal to no Tamarix cover (i.e. Restored 
Native) outside of the levees, individual plant density does not appear to influence soil 
salinity.  That a significant relationship between salt levels and Tamarix density was not 
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found has at least two explanations.  First, it may indeed be possible that even if Tamarix 
contributes salts to the surface, these inputs are not strongly related to tree density at the 
scales measured.  Second, density alone may not be meaningful; young cohorts are 
extremely dense, and have little influence of the nutrient content of the soils. To test this 
hypothesis, future research should obtain densities for several stem classes (i.e. 0-2 cm, 
2-5 cm, 5-10 cm, etc.) and compare densities for each class with salt concentrations.  
Diameter measurements of all stems for multi-stemmed individuals may also be useful to 
obtain a more accurate assessment of individual basal area for absolute density 
calculations.     
On the other hand, the number of Tamarix individuals within an area may be an 
important variable for explaining groundwater salinity outside of the levees.  From the 
available groundwater data, it was observed that groundwater salinity appeared to 
increase with greater Tamarix density outside of the levees.  Elevated groundwater 
salinity has also been tied to dense Tamarix infestations for sites deprived of overbank 
flooding along the Lower Colorado River (Nagler et al. 2008).  Tamarix is a facultative 
phreatophyte, permitting this plant to extract water from groundwater in addition to soil 
horizons above the water table and capillary fringe.  While Tamarix can take up salts and 
store them in its tissues, this plant likely excludes the majority of the salts that would 
otherwise enter the plant at the root endodermis.  As the plant extracts more and more 
water from groundwater, salts that are left behind become concentrated, especially in 
areas where groundwater is not recharged by flooding.  Groundwater salinity was 
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observed to decrease with increasing density inside the levee likely because flood flows 
recharged the water table and stimulated Tamarix seeding establishment, however more 
research is needed to test this hypothesis.   
Limited data was available for groundwater within the study reach because wells 
were not able to be installed on every site and to an adequate depth to ensure water 
availability throughout the sampling period.  Therefore, there were not enough replicates 
to create a model for measured environmental variables.  Also, an unexpected loss of 
groundwater data was experienced when several of the May 2008 samples were lost by 
the CSU Lab.  This month had to be excluded from groundwater analyses.   
Other important environmental variables that can impact salt levels within 
Tamarix-invaded areas include elevation, distance from the river, soil type and texture, 
and groundwater depth.   Future research devoted to examining solute dynamics in 
Tamarix-invaded areas should therefore closely evaluate these site factors especially in 
regard to Tamarix stand features.  For example, since both soil texture and Tamarix aerial 
age were observed to relate to the level of surface salts, it is important to understand how 
alluvial textures may vary underneath canopies of different ages.  Similar to findings by 
Stromberg (1998), it was found that older Tamarix individuals were associated with 
higher clay content inside the levees; however the opposite was true outside the levees, 
and older trees occurred primarily in coarser soils.  These results suggest that perhaps a 
difference in soil texture is partly responsible for reduced soil salinity in older stands 
since coarser soils are typically associated with lower salt concentrations.   
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In addition, the interaction between Tamarix age and elevation in the salinity 
model indicate that there is a relationship between these predictor variables.  The 
northern end of the study reach lies approximately 100 meters higher in elevation than the 
southern reach and elevation gradually decreases moving south.  Sites within this 
northern area are also associated with an active fire history and therefore aerial Tamarix 
age is much younger than to the south.  Although Tamarix age and elevation were not 
found to be highly correlated in the scatterplot matrix (0.10 inside the levees and 0.54 
outside the levees), there is not a random distribution of elevations or Tamarix ages 
throughout the sampling area, and therefore there is a chance that salinity results may be 
related to other location effects.  Regardless, the fact that higher elevations are tied to 
younger individuals and higher levels of EC and SAR does not explain the relationship 
between intermediate-age Tamarix vegetation and higher surface soil salinity.   
This research was an observational study and did not manipulate fixed 
parameters, thus causal relationships cannot be conclusively determined.  However, 
results of this study are suggestive of a relationship between Tamarix presence and 
elevated surface salinity due to the hyperbolic relationship between soil salt content and 
Tamarix age.  Other environmental variables were also clearly important to elevated 
salinity, including lack of overbank flooding and surface evaporation.  However, it 
appears likely that intermediate-aged stands of Tamarix (i.e. around 15 years old) are 
contributing to surface salinity, whereas older individuals may actually facilitate lower 
soil salt levels due to fewer salt deposits.  Experimental work will be necessary to test the 
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hypotheses presented here, specifically measuring environmental salinity before and after 
Tamarix cover manipulations, as well as measuring stand attributes such as foliage 
density (leaf material) and microclimate conditions associated with different Tamarix 
ages. 
This study is the first to perform a quantitative analysis that investigates the 
potential impact of invasive Tamarix on environmental salinity in the context of stand 
characteristics such as age, density and other environmental factors (i.e. climate and 
hydrology).  To my knowledge this is the first research to demonstrate how this invasive 
plant can potentially alter soil and water chemistry in the field in light of other site 
variables that may also influence salinity.  These findings are important for understanding 
the mechanism by which Tamarix can change its environment, and can be used to guide 
future research and management strategies for Tamarix-invaded areas. 
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CONCLUSIONS 
 
There have been numerous attempts to quantify salinity in Tamarix invaded areas.  
To date there have been no effective tests that can relate potential salt contributions by 
Tamarix to ambient environmental inputs.  This research contributes information toward 
this critical knowledge gap through salinity comparisons between Tamarix stands of 
varying age, density, and associated hydrology within an arid climate.  This study also 
looked at the potential for other environmental factors to influence surface salt 
concentrations in Tamarix-invaded areas.  In the context of my research questions, my 
results suggest: 
1) When hydrology and climatic effects are held constant, Tamarix does appear 
to be related to alterations in surface soil salt concentrations along the Middle 
Rio Grande.  This is evident by the higher average levels of surface soil 
salinity within “Monotypic Tamarix” sites compared with “Restored Native” 
stands outside the levees.  In addition, the hyperbolic relationship between 
salinity and Tamarix age suggests these plants have an active role in 
floodplain salinization.  Although results are indicative of a relationship, there 
are still other potential environmental factors (i.e. texture) that could also 
partially explain this variability.  
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2) The biology of Tamarix does appear to relate to the degree of surface salt 
loading in invaded riparian areas along the Middle Rio Grande.  Surface soil 
salinity was observed to increase until a certain Tamarix age threshold was 
reached at which point surface salt levels were observed to decline.  I did not 
find a relationship between Tamarix density and surface soil salinity 
independent of hydrology.  This does not mean that a different sampling 
approach might not reveal a pattern.   
3) Groundwater salinity was observed to increase with increasing Tamarix 
density in areas no longer exposed to overbank flows.  A more thorough 
examination is necessary to test this hypothesis. 
4) I found areas deprived of overbank flooding (outside the levees) to have 
significantly higher surface salt levels than areas inside the levees, suggesting 
that hydrology is an important factor when assessing floodplain salinity.  In 
addition, open-canopy areas receiving increased solar radiation were 
associated with greater surface soil salt concentrations when compared with 
soils under adjacent closed-canopy Tamarix.  While Tamarix cover could be 
more beneficial from the soil salinity stand-point, native riparian cover that 
provides no risk of surface salt additions would be recommended.  
5) Other environmental variables that were observed to influence surface soil 
salinity include: elevation, distance from the river, soil type and texture, and 
groundwater depth.  These variables should therefore be thoroughly examined 
when attempting to identify potential sources of floodplain salinization.
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CHAPTER 4 
 
  Using salinity cues to prioritize sites for Tamarix control and habitat rehabilitation. 
INTRODUCTION 
 
Knowledge of invasion mechanisms and long-term environmental impacts of 
invasive species is at the heart of understanding land management potential upon their 
removal.  Invasive plants are known to have profound impacts on ecosystem processes 
and properties.  Without quantification of these effects, however, appropriate modes of 
action are difficult to assess. Tamarix spp. (a.k.a. saltcedar, tamarisk) invasion and 
subsequent habitat degradation is considered such an ecological threat that it has 
triggered legislative action at the national level (U. S. Congress 2006).  The threat that 
Tamarix poses to our native landscapes has led to the development and implementation 
of several statewide and watershed-scale projects to control this invasive species and to 
restore ecological function to invaded areas (Hart et al. 2007, Stromberg et al. 2005, 
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Tetra Tech 2004, Texas State Soil and Water Conservation Board 2003).  However, it is 
difficult to restore areas following Tamarix removal when little is known about how this 
species may have altered the environment during the infestation period.  Educated land 
management is therefore necessary to enhance restoration success and ensure efficient 
use of project resources. 
Of the most cited causes of ecosystem degradation associated with Tamarix 
invasion (i.e. increased frequency of flooding and fire, water course desiccation, reduced 
abundance of natives, elevated salinity), elevated salt concentrations may pose the 
greatest challenge for native plant community restoration in terms of duration of adverse 
impacts resulting from infestation.  Tamarix can form dense monotypic associations in 
short periods that can lead to reduced flood flow conveyance (DiTomaso 1998, Egan et 
al. 1993), high rates of evapotranspiration (Sala et al. 1996, Cleverly et al. 2002), 
accumulation of greater fuel loads (Busch and Smith 1993, Ellis 2001, Ellis et al. 1998), 
and suppression of native vegetation growth (Busch and Smith 1995, Decker 1961).  
Removal of this dense vegetation would likely alleviate these problems, or at least reduce 
them dramatically.  Conversely, the redistribution of salts from the subsurface soils and 
groundwater to the soil surface by Tamarix vegetation can reduce the potential for 
establishment and growth of salt-sensitive native riparian vegetation while adversely 
impacting soil structure long after the Tamarix is gone.  In addition, Tamarix invasion has 
been linked with elevated groundwater salinity (Nagler et al. 2008, Chapter 3) which is 
the primary water source for keystone native riparian species such as cottonwoods 
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(Populus spp.) and willows (Salix spp.).  The removal of Tamarix vegetation can halt 
further concentration of salts by the plants in surface soils and groundwater but previous 
salt contributions often cannot be reversed or negated without subsequent management 
actions.  Therefore it is important to understand how Tamarix has potentially altered 
environmental salinity within an area before management decisions can be made about a 
site’s potential for restoration following Tamarix removal.   
A recent literature review by Shafroth et al. (2005) posed the question, “what 
vegetation types are likely to replace Tamarix, and under what conditions is restoration or 
revegetation likely to succeed or fail?”  Since soil and groundwater salt levels may 
remain high after the Tamarix is removed, environmental salinity can be a critical factor 
affecting the composition of replacement vegetation and overall rehabilitation success 
within an area.  This Chapter describes the most important environmental variables 
known to relate to soil and groundwater salinity within Tamarix-invaded areas and how 
these factors can be used to diagnose a site’s potential for restoration or revegetation 
following Tamarix removal.   
 
 
 
 
 
 
99 
 
 
DIAGNOSING RESTORATION OR REVEGETATION POTENTIAL 
 
There are several environmental factors that relate to salinity within Tamarix-
invaded areas which can be used to prioritize sites for Tamarix treatment and habitat 
rehabilitation.  The environmental salinity data collected by this research along the 
Middle Rio Grande in Central New Mexico has been used to supplement existing data in 
the literature to develop management recommendations for diagnosing restoration or 
revegetation potential within Tamarix-invaded areas.  Through a series of limited 
observations and basic measurements (Figure 29), land managers can determine how a 
particular Tamarix infestation has impacted their lands without the need for complicated 
and costly soil and vegetation sampling.  This information can also be used to select 
appropriate native plant species to accommodate site conditions.  Recommendations can 
be refined in the future by adding new information generated from subsequent studies 
that quantify environmental variables in Tamarix-invaded areas.   
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Figure 29. Site variables that have been observed to relate to environmental salinity 
(Chapter 3).  These variables provide the basis upon which to diagnose restoration or 
revegetation potential of Tamarix-invaded lands.  Arrows point toward conditions that 
are related to high salinity and are therefore less suitable for native riparian vegetation 
growth.. 
 
Tamarix is believed to impact environmental salinity in two ways: via salt-
redistribution from subsurface soils and groundwater onto the surface soils through leaf 
exudation and senescence, and through selective exclusion of salts by its roots.  Tamarix 
is a facultative phreatophyte, and therefore this plant can impact groundwater dynamics 
by means of deep roots embedded in this subsurface water source.  While Tamarix is also 
a facultative halophyte and can grow and thrive in areas of elevated salinity, this plant is 
likely similar to other halophytic plants which exclude approximately 80% of dissolved 
salts that would have otherwise entered the plant (Waisel et al. 1986). Groundwater 
salinization would likely increase with large infestations of Tamarix as the presence of 
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these individuals would lead to further groundwater withdrawal leaving higher 
concentrations of salts.  Native phreatophytes typically do not grow in such dense 
associations and cannot persist in the absence of overbank flooding, which is known to 
recharge or dilute high salt concentrations in soil and groundwater. 
Initial observations necessary to predict a site’s salt level relate to hydrology and 
climate (i.e. primarily whether an area receives overbank flooding, and conditions that 
contribute to evaporation).  Areas that receive overbank flooding or those that experience 
high amounts of precipitation are less likely to exhibit soils with elevated salt 
concentrations.  Overbank flows have the ability to flush the soils of accumulated 
compounds and thereby lower salinity.  Flooding of sufficient volume and/or velocity can 
also remove Tamarix litter and debris, which is characteristically high in salt content.  
Arid or semi-arid regions where evaporation exceeds precipitation tend to have higher 
concentrations of surface salts.  Regulated river systems in arid regions are often at high 
risk of elevated salinity because these areas are deprived of natural flushing mechanisms.  
The situation becomes more complex in areas invaded by Tamarix. While this vegetation 
may be contributing to increased salt concentrations in surface soils and groundwater, the 
microclimatic insulation provided by cover in this dense vegetation in arid environments 
may result in lower soil salinity than adjacent open areas (Chapter 3, Taylor et al. 1999).  
Therefore, native revegetation must be successfully implemented immediately following 
Tamarix removal, not only to avoid rapid Tamarix recolonization of the site, but also to 
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avoid accelerated evaporation and rising salt levels in the absence of replacement 
vegetative cover.     
 Distance from the river channel could also influence environmental salinity.  In 
general, soil salinity was consistently higher for areas farther from the river regardless of 
whether the site was located inside or outside the levees (Chapter 3). Groundwater 
salinity increased with greater distance from the channel only within areas deprived of 
surface flows (Nagler et al. 2008).  Areas located farther from the river, especially those 
deprived of flooding, may pose greater challenges for reintroduction of native riparian 
vegetation because of deeper groundwater levels and reduced access to flood flows.   
 Soil texture in combination with groundwater depth can play an important role in 
determining floodplain salinity in arid riparian areas (Chapter 3, Hong 2002).  A given 
volume of clay particles has more surface area than the same volume of coarser particles, 
and therefore there are more binding sites for salts in soils with higher concentrations of 
clays.  Clays with lattice structures that have interlayer binding sites for salts (i.e. 
montmorillonite) can be associated with higher levels of salinity (Chapter 3, Pearson 
2009).  In addition, clay-dominated soils typically exhibit higher water-holding capacities 
and are slower to drain than coarse-textured soils, facilitating a longer residence time for 
soil salts (Pearson 2009).  Smaller pore spaces within fine-textured soils also promote the 
formation of a thicker capillary fringe above the groundwater table, allowing salts access 
to surface soils through capillary transport (Hong 2002).  High groundwater levels also 
reduce the drainage capacity of the soil which can slow the removal of salts from the 
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rooting profile.  The presence of fine-textured soils may pose greater difficulty for 
remediating salt-affected sites to an acceptable level. 
 The age of Tamarix vegetation was also observed to be an important variable for 
assessing surface soil salinity in areas deprived of overbank flooding, with the highest 
salinity levels associated with stands around 15 years of age along the Middle Rio Grande 
(Chapter 3).  Leaves are the primary salt-storing organs within Tamarix plants.  The 
decreased foliar biomass associated with the youngest and oldest Tamarix vegetation 
relate to lower levels of salt deposition (Chapter 3).  Higher rates of salt deposition could 
also increase the ratio of sodium (Na) to calcium and magnesium ions since Na has been 
observed to be the dominant ion secreted by Tamarix (Chapter 3, Waisel 1960).  If this 
ratio exceeds a specific threshold and soil salinity is decreased by natural (rain, flooding) 
or artificial (irrigation, salt remediation) means, then Na-induced dispersion could occur 
and the soil could lose the structure necessary to support desired plant growth.   
 My research findings suggest that the lowest levels of soil salts are present within 
the youngest and oldest Tamarix stands.  On the basis of soil salinity, land managers 
seeking to restore native salt-sensitive riparian vegetation should place priority on these 
sites.  There also appears to be a window of time to control Tamarix following invasion 
or resprout after disturbance, beyond which the soil salt level or the ratio of Na to other 
salts may be too high to revegetate with desired salt-sensitive species unless costly salt 
amelioration is undertaken (Anderson et al. 2004).  If salt remediation is not possible, 
then native species revegetation must be conducted with salt-tolerant vegetation.  
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The density of a particular Tamarix invasion could also influence the level of soil 
and groundwater salinity, however, little research yet exists to support this claim (Chapter 
3).  One might assume that dense infestations of Tamarix should deposit high amounts of 
salt-rich leaf litter to surface soils, and thereby elevate soil salt content while increasing 
groundwater salinity through selective exclusion.  The highest Tamarix densities were 
associated with the smallest trees along the Middle Rio Grande (Chapter 3).  If salt level 
were related to density, then we would expect the youngest stands to possess the highest 
levels of environmental salinity.  While research results support an increase in 
groundwater salinity with greater Tamarix density in flood-deprived areas, they do not 
support higher soil salinity underneath young plants.  Middle-age Tamarix growth, which 
is characterized by an optimization in timing of green foliage content, canopy, and 
duration of salt exudation tends to induce a more saline environment.  In addition, this 
research suggests that age of a stand was a more useful indicator for understanding soil 
salt loading than number of individuals per hectare (density). Salt level was not found to 
vary across a gradient of tree densities within stands of the same age outside of the levees 
(Linear Regression, N = 45, R2 = -0.005, F-ratio = 0.773).  Salinity was found to increase 
with increasing Tamarix density of the same age group inside the levees (N = 37, R2 = 
0.249, F-ratio = 12.947, p = 0.001).  This salt level increase could also be related to 
increased fine sediment deposition within denser growth.   
 Land managers can use the previously mentioned site cues to determine 
approximate relative levels of environmental salts using only the site’s location 
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information and distance relative to the river, age of aboveground Tamarix growth 
(Chapter 2), groundwater depth, and soil survey information (if available) to determine 
soil type.  Approximate clay content of the surface soil can also be determined using 
basic texture “feel” tests in the field.  These qualitative assessments should be sufficient 
to select an appropriate project site with minimal effort and time required to determine 
restoration or revegetation feasibility within an area.  If more technical data is required to 
select a site (i.e. specific ion concentrations to determine if the soil is at risk of Na-
induced dispersion or groundwater quality), then groundwater wells may need to be 
installed and soil and groundwater samples may need to be collected.  Sample collection 
and analyses will require more time and money, but if there is any doubt about a site’s 
suitability for restoration or revegetation, this investment could lead to future savings by 
enhancing project success. 
RECOMMENDATIONS 
 
Understanding the relationship between site features and associated edaphic and 
groundwater conditions is critical for the development of site-specific management 
strategies for Tamarix-invaded areas.  Site selection for Tamarix removal should 
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prioritize those areas most feasibly revegetated.  The following recommendations can 
help ensure resources are devoted to areas with the greatest potential for rehabilitation.   
1. The most preferred locations for Tamarix treatment and subsequent restoration or 
revegetation are those exposed to periodic flooding.  Not only can an active 
hydrology work to mitigate salt contributions from Tamarix and other 
environmental factors but flooding also facilitates regeneration of desired 
replacement vegetation. 
2. Salt remediation and installation of salt-sensitive vegetation will be more difficult 
within areas associated with a combination of soils containing high concentrations 
of clays, especially those of the montmorillonite variety, and high groundwater 
elevation.  Such sites may be more suitable for revegetation with salt-tolerant 
vegetation following Tamarix removal. 
3. Sites located farther from the river are typically associated with more saline and 
xeric conditions.  While revegetation after Tamarix removal in upland areas may 
be more challenging, these sites can be successfully revegetated with appropriate 
salt and drought-tolerant species. 
4. In semi-arid, arid and xeric regions where evaporation typically exceeds 
precipitation, extent and duration of bare ground should be minimized following 
Tamarix removal.  Prioritize sites with reduced environmental constraints so that 
replacement vegetation can be established quickly to insulate the soils from rising 
salts. 
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5. Target young aboveground Tamarix growth or older decadent vegetation for 
restoration of native riparian plant communities.   Place lower priority on middle-
aged Tamarix vegetation that appears to be in peak foliar production.  If this 
vegetation must be removed, choose appropriate salt-tolerant species for 
revegetation or plan to remediate salt levels prior to planting.   
 
The complicated and expensive removal techniques necessary to control Tamarix 
mandates the establishment of successful, desirable replacement vegetation following 
removal to prevent reinvasion of this prolific species.  By following the above 
recommendations, land managers can be more confident that their rehabilitation efforts 
will result in the greatest yield and most efficient use of resources.  Such educated land 
management can maximize available resources to promote widespread control of this 
invasive and reinstatement of ecological processes that have been dormant for decades. 
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Soil Series Descriptions 
 
 
LOCATION ANTHONY            AZ+NM TX 
Established Series 
Rev. YHH/RCH/PDC/CEM 
11/2007 
ANTHONY SERIES 
The Anthony series consists of very deep, well drained soils formed in stratified 
alluvium. Anthony soils are on alluvial fans and floodplains and have slopes of 0 to 15 
percent. The mean annual precipitation is about 8 inches and the mean annual air 
temperature is about 65 degrees F.  
TAXONOMIC CLASS: Coarse-loamy, mixed, superactive, calcareous, thermic Typic 
Torrifluvents  
TYPICAL PEDON: Anthony sandy loam - rangeland. (Colors are for dry soil unless 
otherwise noted.)  
A--0 to 2 inches; brown (10YR 5/3) sandy loam, brown (10YR 4/3) moist; weak medium 
platy structure; soft, very friable, nonsticky and nonplastic; few very fine roots; few fine 
irregular pores; slightly effervescent; moderately alkaline (pH 8.0); abrupt smooth 
boundary. (1 to 8 inches thick)  
C1--2 to 30 inches; pale brown (10YR 6/3) fine sandy loam, brown (10YR 4/3) moist; 
massive; slightly hard, very friable, nonsticky and slightly plastic; few fine and medium 
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and common very fine roots; few very fine tubular pores; strongly effervescent; 
moderately alkaline (pH 8.0); gradual wavy boundary. (20 to 30 inches thick)  
C2--30 to 46 inches; brown (10YR 5/3) sandy loam, brown (10YR 4/3) moist; massive; 
slightly hard, friable, nonsticky and slightly plastic; few very fine roots; few very fine 
tubular pores; few fine gravel; strongly effervescent; moderately alkaline (pH 8.0); clear 
wavy boundary. (12 to 22 inches thick)  
C3--46 to 60 inches; brown (10YR 5/3) very gravelly sandy loam, brown (10YR 4/3) 
moist; massive; slightly hard, friable, nonsticky and slightly plastic; few very fine roots; 
few very fine tubular pores; 50 percent gravel; strongly effervescent; moderately alkaline 
(pH 8.0).  
TYPE LOCATION: Graham County, Arizona; 9 miles east of Safford; 900 feet north 
and 1,600 feet west of the southeast corner of section 2, T.7 S., R.27 E.  
RANGE IN CHARACTERISTICS:  
Soil moisture - Intermittently moist in the soil moisture control section during December-
January and for more than 20 days cumulative during July-August. Driest during May 
and June. Typic aridic soil moisture regime.  
Soil temperature - 59 to 72 degrees F.  
Rock fragments - 5 to 35 percent gravel in the control section  
Organic matter - Less than 1 percent that decreases irregularly with depth  
Reaction - Neutral to strongly alkaline  
Stratification- Usually thin strata of finer or coarser material  
A horizon 
Hue: 10YR, 7.5YR 
Value: 5 through 7 dry, 3 through 6 moist 
Chroma: 2 through 4, dry or moist 
Ca carbonate: None to strongly effervescent  
C horizon 
Hue: 10YR, 7.5YR 
Value: 4 through 7 dry, 3 through 6 moist 
Chroma: 2 through 6, dry or moist 
Texture: sandy loam, coarse sandy loam, fine sandy loam, containing more than 15 
percent medium, coarse and very coarse sand 
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Ca carbonate: slightly or strongly effervescent as disseminated or accumulations as 
filaments  
COMPETING SERIES: These are the Excelsior (CA), Gila (AZ), Grabe (AZ), Ireteba 
(NV), Junction (UT), Popson (CA), Rucker (AZ), Tobler (UT) and Victorville (CA) 
series. Gila and Grabe soils are loam, silt loam or very fine sandy loam with less than 15 
percent medium or coarser sand in the control section. Rucker soils contain more than 1 
percent organic matter in the surface. Popson soils are inactive. Excelsior, Ireteba, 
Junction, Victorville and Tobler soils are in the Mohave Desert and are moist in some 
part of the soil moisture control section for less than 20 days cumulative between July 
and September.  
GEOGRAPHIC SETTING: Anthony soils are on alluvial fans and floodplains. 
Elevations range from 1400 to 4800 feet. Slopes range from 0 to 15 percent. These soils 
formed in stratified alluvium from mixed sources. The mean annual precipitation is 4 to 
12 inches, occurring as summer thunderstorms and gentle winter rain. The mean annual 
air temperature is 57 to 70 degrees F. Frost-free period is 180 to 275 days.  
GEOGRAPHICALLY ASSOCIATED SOILS: These are the Queencreek, Brazito, 
Glendale, and Hantz soils. Queencreek soils are sandy-skeletal. Brazito soils are sandy. 
Glendale soils are fine-silty. Guest soils are fine textured.  
DRAINAGE AND PERMEABILITY: Well drained. Permeability is moderately rapid. 
Runoff is negligible on slopes less than 3 percent, very low on 3 to 5 percent slopes, low 
on 5 to 10 percent slopes, and medium on 10 to 15 percent slopes.  
USE AND VEGETATION: These soils are used for livestock grazing, wildlife habitat 
and irrigated cropland. Vegetation is creosotebush, bursage, cacti, palo verde, bush 
muhly, spike dropseed, Pima pappusgrass, fourwing saltbush and annual forbs and 
grasses. Irrigated crops are cotton and alfalfa.  
DISTRIBUTION AND EXTENT: Southern Arizona, southern New Mexico, and west 
Texas. The Anthony series is extensive. This soil occurs in LRR-D, MLRAs 40, 41 and 
42.  
MLRA OFFICE RESPONSIBLE: Phoenix, Arizona  
SERIES ESTABLISHED: Mesilla Valley, New Mexico; 1912.  
REMARKS: Diagnostic horizons and features recognized in this pedon are:  
Ochric epipedon - The zone from 0 to 2 inches (A horizon)  
Entisol feature - The absence of diagnostic subsurface horizons  
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Fluvial feature - Irregular decrease in organic carbon in the zone from 2 to 60 inches (C1, 
C2, C3 horizons)  
Classified according to Soil Taxonomy, Second Edition, 1999; Keys to Soil Taxonomy, 
Tenth Edition, 2006 
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LOCATION ARMIJO             NM 
Established Series 
Rev: DSP/JBC/CDL/RLB 
05/2006 
ARMIJO SERIES 
 
The Armijo series consists of deep, well drained, very slowly soils that formed in 
alluvium in areas of oxbow lakes and sloughs. Armijo soils are on broad, usually 
channeled, flood plains or concave terraces around playas and have slopes of 0 to 3 
percent. The mean annual precipitation is about 8 inches and the mean annual air 
temperature is about 57 degrees F.  
TAXONOMIC CLASS: Fine, smectitic, thermic Chromic Haplotorrerts  
TYPICAL PEDON: Armijo clay loam, idle land. (Colors are for dry soil unless 
otherwise stated.)  
A1--0 to 3 inches; light brownish gray (10YR 6/2) clay loam, brown (10YR 4/3) moist; 
strong fine subangular blocky structure; hard, very firm, very sticky and plastic; many 
very fine and common fine roots; many very fine tubular pores; strongly saline; strongly 
effervescent; very strongly alkaline; clear smooth boundary. (7 to 11 inches thick)  
A2--3 to 11 inches; pinkish gray (7.5YR 6/2) clay, brown (7.5YR 5/4) moist; strong, 
coarse, subangular blocky structure; very hard, very firm, very sticky and plastic; many 
very fine roots; many very fine tubular pores; strongly saline; moderately calcareous; 
very strongly alkaline (pH 9.2); clear boundary, (6 to 11 inches)  
AC--11 to 28 inches; light brown (7.5YR 6/4) clay, brown (7.5YR 5/4) moist; weak 
medium subangular blocky structure; very hard, very firm, very sticky and plastic; many 
very fine roots; common very fine tubular pores; intersecting slickensides; strongly 
saline; strongly effervescent; very strongly alkaline; clear common boundary. (0 to 25 
inches thick)  
C1--28 to 33 inches; pinkish gray (7.5YR 6/2) clay, brown (7.5YR 5/2) moist; massive; 
very hard, firm, sticky and plastic; common very fine roots; many very fine tubular pores; 
strongly saline; strongly effervescent; very strongly alkaline; clear smooth boundary. (5 
to 10 inches thick)  
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C2--33 to 60 inches; pinkish gray (7.5YR 6/2) sandy clay, brown (7.5YR 4/2) moist; 
massive; very hard, firm, sticky and plastic; common very fine roots; many very fine 
tubular pores; strongly saline; strongly effervescent; very strongly alkaline; diffuse 
smooth boundary. (26 to 35 inches thick)  
2C3--60 to 73 inches; pinkish gray (7.5YR 7/2) clay loam with pockets of fine sandy 
loam, brown (7.5YR 5/4) moist; massive; very hard, friable, slightly sticky and slightly 
plastic; few very fine tubular pores; moderately saline; slightly effervescent; strongly 
alkaline  
TYPE LOCATION: Valencia County, New Mexico; northwest corner of the City of 
Belen; 300 feet west of Castillo Chapel.  
RANGE IN CHARACTERISTICS:  
Soil moisture - The soils are usually dry in the soil moisture control section, but are 
intermittently moist in some part in the 120 days following the summer solstice. Typic 
aridic moisture regime.  
Soil temperature 61 to 66 degrees F,  
Depth to 2C horizon is - 40 inches or more.  
Iron mottles or stain occur below 30 inches in some pedons  
Control section - 10 to 40 inches is calcareous throughout  
Reaction - slightly to strongly saline and slightly to very strongly alkaline; however, 
some pedons are nonsaline and nonalkali  
A horizon  
Hue: 5YR, 7.5YR or 10YR 
Value: 5 to 7 dry or moist 
Chroma: 2 to 4  
Texture: sandy clay loam, clay loam, loam or clay  
Structure: strong medium angular blocky to weak fine subangular blocky  
AC horizon, (when present) 
Hue: 5YR or 7.5YR 
Value: 5 to 7 dry or moist 
Chroma: 2 to 4 
Texture: clay, silty clay or clay loam, and in some pedons of sandy clay Structure: 
moderate fine or medium blocky and weak fine or medium subangular blocky 
Reaction: ranges from moderately to very strongly alkaline  
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C horizon  
Hue: 5YR, 7.5YR and 10YR  
Value: 5 to 7 dry or moist 
Chroma: 2 to 4 
Texture: clay or silty clay. 
Reaction: moderately to very strongly alkaline and nonsaline to strongly saline  
2C horizon  
Hue: 7.5YR or 10YR  
Value: 6 or 7 dry or moist  
Chroma: 2 to 4  
Texture: clay loam, sandy clay loam, loam or sandy loam. 
Reaction: moderately to strongly alkaline, nonsaline to strongly saline and slightly to 
moderately calcareous  
COMPETING SERIES: These are the Dalby (TX), Globe (NM), Montoya (NM), and 
Reefridge (CA) series. 
Dalby soils have Bk horizons. 
Globe soils are on depressional lake plains on basin floors. 
Montoya soils receive greater than 10 inches precipitation, contain hues of 2.5YR. 
Reefridge soils are not intermittently moist in some part of the soil moisture control 
section during the 120 days following the summer solstice.  
GEOGRAPHIC SETTING: The Armijo soils are on broad, usually channeled, 
floodplains or concave terraces around playas. Elevations range from 3,700 to 5,400 feet. 
Slopes are commonly 0 to 1 percent ranging to 3 percent. The soils formed in clayey 
alluvium in areas of oxbow lakes and sloughs. At the type location the climate is semiarid 
continental. The average annual precipitation is 8 to 10 inches with more than one-half of 
the total falling in June through September. The average annual air temperature is 59 to 
64 degrees F. The Thornthwaite P-E Index is 14.  
GEOGRAPHICALLY ASSOCIATED SOILS: These are the Agua, Anapra, Belen, 
Gila, Glendale, and Vinton soils. Agua, Anapra, Brazito, Gila, Glendale and Vinton soils 
have less than 35 percent clay in the control section and lack slickensides at 10 to 40 
inches depth. Belen soils have contrasting texture in the 10 to 40 inch section.  
DRAINAGE AND PERMEABILITY: Well drained; very slow to slow surface runoff; 
very slow permeability.  
USE AND VEGETATION: Used for native pasture and irrigated crops. Tracts of this 
soil that receive additional water from irrigation tail water have a dense stand of alkali 
sacaton and saltgrass with scattered chamiza. Tracts that do not receive extra water are 
nearly barren and have a sparse stand of burrograss and annuals.  
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DISTRIBUTION AND EXTENT: Central New Mexico. The series is inextensive. 
MLRA 42  
MLRA OFFICE RESPONSIBLE: Phoenix, Arizona  
SERIES ESTABLISHED: Valencia County (East Valencia Area), New Mexico, 1970.  
REMARKS: This soil setting is along drainage and flood plain and associated with 
fluventic soils. Should this soil be classified as a Vertic Torrifluvents?  
Diagnostic horizon and features recognized in this pedon are:  
Ochric epipedon - the zone from 0 to 11 inches (A1 and A2 horizon)  
Particle size control section - the zone from 10 to 40 inches (part of the A2, AC, C1, and 
C2 horizon)  
Classified according to Keys to Soil Taxonomy Ninth Edition, 2003. 
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LOCATION BRAZITO            NM+AZ TX 
Established Series 
Rev. CDL/RJA/PDC/CEM 
11/2007 
BRAZITO SERIES 
 
The Brazito series consists of very deep, well drained, rapidly permeable soils that 
formed in sandy alluvium derived from a variety of igneous and sedimentary rocks. 
Brazito soils are on the flood plains and low terraces of major streams and have slopes of 
0 to 5 percent. The mean annual precipitation is about 8 inches. The mean annual air 
temperature is about 61 degrees F.  
TAXONOMIC CLASS: Mixed, thermic Typic Torripsamments  
TYPICAL PEDON: Brazito loamy fine sand - cultivated. (Colors are for dry soil unless 
stated otherwise.)  
Ap--0 to 5 inches; brown (10YR 5/3) loamy fine sand, brown (10YR 4/3) moist; massive; 
soft, very friable, nonsticky and nonplastic; common very fine, and fine roots; common 
very fine irregular pores; strongly effervescent; moderately alkaline (pH 8.2); abrupt 
wavy boundary. (3 to 10 inches thick)  
C--5 to 70 inches; very pale brown (10YR 7/3) fine sand, brown (10YR 5/3) moist; single 
grain; loose, nonsticky and nonplastic; few very fine and fine roots; common fine 
irregular pores; moderately alkaline (pH 8.0). (60 or more inches thick)  
TYPE LOCATION: Dona Ana Co., New Mexico; 500 feet west of the northeast corner 
of Section 9, T. 23 S., R. 1 E. 106 degrees, 50 minutes, 15 seconds west longitude; 32 
degrees, 19 minutes, 44 seconds north latitude.  
RANGE IN CHARACTERISTICS:  
Soil Moisture: Intermittently moist in some parts of the soil moisture control section 
during December through March and July through September. Driest during May and 
June. Typic aridic soil moisture regime.  
Soil Temperature: 60 to 70 degrees F.  
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Reaction: neutral to moderately alkaline  
Particle-size control section: silt plus clay averages less than 10 percent  
A horizon 
Hue: 7.5YR, 10YR 
Value: 4 to 6 dry, 3 to 6 moist 
Chroma: 2 to 4, dry or moist  
C horizon 
Hue: 10YR, 7.5YR 
Value: 4 to 7 dry, 3 to 5 moist 
Chroma: 1 to 4, dry or moist  
COMPETING SERIES: These are Birdcanyon (CA), Bluepoint (NV), Cajon (CA), 
Copia (NM), Koehn (CA), Maynard Lake (NV), Moapa (NV), Pintura (UT), Toquop 
(NV), University (NM), and Yturbide (NM) series. Birdcanyon, Bluepoint, Cajon, 
Koehn, Maynard Lake, Pintura, Moapa and Toquop soils are in the Mohave Desert and 
are moist in some part of the soil moisture control section for less than 20 days 
cumulative between July and September. Yturbide soils have more than 15 percent rock 
fragments in the control section. Copia soils have hues of 2.5YR, 5YR and 7.5YR and 
chromas of 6 to 8. University soils are inactive.  
GEOGRAPHIC SETTING: The Brazito soils are on flood plains, alluvial fans, and low 
terraces of major streams. Slopes are generally less than 5 percent. The soil formed in 
sandy alluvium many feet thick derived from rhyolite, andesite, monzonite, granite, 
quartzite, basalt, sandstone and limestone. The climate is semiarid to arid continental. 
The mean annual air temperature is 58 to 68 degrees F; and the mean annual precipitation 
is 8 to 12 inches. Much of the precipitation falls during summer in heavy thunderstorms 
of short duration. Elevation ranges from 3,400 to 5,300 feet.  
GEOGRAPHICALLY ASSOCIATED SOILS: These are the competing Bluepoint, 
Vinton and Yturbide soils in addition to the Gila, Glendale and Harkey soils. The Gila, 
Glendale and Harkey soils have textures finer than loamy fine sand.  
DRAINAGE AND PERMEABILITY: Well to excessively well drained; surface runoff 
is slow; permeability is rapid.  
USE AND VEGETATION: Used for irrigated cropland, livestock grazing and urban 
land. Irrigated crops are cotton, alfalfa, small grains, grain sorghums and vegetables. 
Present vegetation is very sparse and includes salt grass, arrowgrass and willows.  
DISTRIBUTION AND EXTENT: Southern New Mexico, Arizona and Texas. Brazito 
soils are of moderate extent. MLRA is 40, 41 and 42.  
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MLRA OFFICE RESPONSIBLE: Phoenix, Arizona  
SERIES ESTABLISHED: Dona Ana County, New Mexico, Mesilla Valley; 1912.  
REMARKS: Diagnostic horizons and features recognized in this pedon are:  
Ochric epipedon - The zone from 0 to 5 inches (Ap horizon)  
Entisol feature - The absence of diagnostic subsurface horizons  
Classified according to Soil Taxonomy, Second Edition, 1999; Keys to Soil Taxonomy, 
Tenth Edition, 2006 
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LOCATION GILA               AZ+NM NV TX 
Established Series 
Rev. YHH/DLR/PDC/WWJ/RKS/HCD 
07/2007 
GILA SERIES  
 
The Gila series consists of very deep, well drained soils formed in stratified alluvium. 
Gila soils are on alluvial fans and flood plains and have slopes of 0 to 5 percent. The 
mean annual precipitation is about 7 inches and the mean annual air temperature is about 
65 degrees F.  
TAXONOMIC CLASS: Coarse-loamy, mixed, superactive, calcareous, thermic Typic 
Torrifluvents  
TYPICAL PEDON: Gila loam - irrigated cropland. (Colors are for dry soil unless 
otherwise noted.)  
Ap--0 to 6 inches; grayish brown (10YR 5/2) loam, brown (10YR 4/3) moist; massive; 
slightly hard, friable, slightly sticky and slightly plastic; common very fine roots; 
common very fine tubular and few very fine irregular pores; strongly effervescent; 
moderately alkaline (pH 8.0); abrupt smooth boundary. (6 to 8 inches thick)  
C1--6 to 22 inches; brown (10YR 5/3) loam, brown (10YR 4/3) moist; massive; hard, 
friable, slightly sticky and slightly plastic; common very fine roots; common very fine 
tubular pores; very few fine irregular accumulations of Ca carbonate; strongly 
effervescent; moderately alkaline (pH 8.0); abrupt wavy boundary. (8 to 30 inches thick)  
C2--22 to 27 inches; brown (10YR 5/3) gravelly sandy loam, brown (10YR 4/3) moist; 
massive; slightly hard, friable, nonsticky and nonplastic; few very fine roots; common 
very fine irregular pores; strongly effervescent; moderately alkaline (pH 8.0); abrupt 
wavy boundary. (0 to 5 inches thick)  
C3--27 to 39 inches; brown (10YR 5/3) silt loam, brown (10YR 4/3) moist; massive; 
hard, friable, slightly sticky and slightly plastic; few medium roots; common very fine 
tubular pores; strongly effervescent; moderately alkaline (pH 8.0); abrupt wavy 
boundary. (10 to 20 inches thick)  
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C4--39 to 60 inches; stratified brown (10YR 5/3) silt loam and gravelly sandy loam, 
brown (10YR 4/3) moist; massive; slightly hard, friable, nonsticky and slightly sticky; 
common very fine tubular and irregular pores; few very fine irregular accumulations of 
Ca carbonate; strongly effervescent; moderately alkaline (pH 8.0).  
TYPE LOCATION: Graham County, Arizona; about 1 mile north of Safford; 2,600 feet 
east and 2,620 feet north of the southwest corner of Section 5, T.7 S., R. 26 E.  
RANGE IN CHARACTERISTICS:  
Soil Moisture: Intermittently moist in some part of the soil moisture control section 
during July-September and December-February. Driest during May and June. Typic 
aridic soil moisture regime.  
Soil temperature: 59 to 72 degrees F.  
Rock fragments: 0 to 15 percent  
Organic Matter: Less than 1 percent that decreases irregularly with depth  
Reaction: Neutral to very strongly alkaline  
Stratification: Usually 1 to 6 inch thick strata of finer or coarser material  
Salinity: Nonsaline to strongly saline  
A horizon 
Hue: 7.5YR, 10YR 
Value: 4 to 7 dry, 3, 4 or 5 moist 
Chroma: 2 to 6, dry or moist  
C horizon 
Hue: 7.5YR, 10YR 
Value: 4 to 7 dry, 3 to 6 moist 
Chroma: 2 to 6, dry or moist 
Texture: Loam, silt loam, very fine sandy loam 
Ca carbonate: Slightly to violently effervescent as disseminated or as fine irregular 
accumulations  
COMPETING SERIES: These are the Anthony (AZ), Excelsior (CA), Grabe (AZ), 
Ireteba (NV), Junction (UT), Popson (CA), Rucker (AZ), Tobler (UT), and Victorville 
(CA) series. Anthony and Rucker soils are coarse sandy loam, sandy loam or fine sandy 
loam in the control section. Excelsior, Popson and Victorville soils receive most of their 
precipitation in the winter and are dry in the soil moisture control section from April to 
December. Grabe and Rucker soils contain more than 1 percent organic matter in the 
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surface and are moist in the soil moisture control section for longer periods due to a 
higher rainfall component. Ireteba soils contain horizons of distinct Ca carbonate 
accumulations. Junction and Tobler soils have hue redder than 7.5YR.  
GEOGRAPHIC SETTING: Gila soils are on alluvial fans and flood plains at elevations 
of 1,800 to 5,000 feet. These soils formed in stratified alluvium from mixed sources. 
Slopes range from 0 to 5 percent. The mean annual precipitation is 4 to 10 inches. The 
mean annual air temperature is 57 to 70 degrees F. The frost-free period is 180 to 275 
days.  
GEOGRAPHICALLY ASSOCIATED SOILS: These are the Arizo, Brazito, Glendale, 
Guest and the competing Anthony soils. Arizo soils are sandy-skeletal. Brazito soils are 
sandy. Glendale soils are fine-silty. Guest soils are fine textured.  
DRAINAGE AND PERMEABILITY: Well drained; low to medium runoff; moderate 
permeability.  
USE AND VEGETATION: Gila soils are used for livestock grazing and irrigated 
cropland. The vegetation is mesquite, catclaw, creosotebush, arrowweed, saltbush, 
cottonwood, willow, and tamarisk.  
DISTRIBUTION AND EXTENT: Arizona, Nevada, New Mexico and Texas. This 
series is extensive. This soil occurs in LRR-D, MLRAs 40, 41, and 42.  
MLRA OFFICE RESPONSIBLE: Phoenix, Arizona  
SERIES ESTABLISHED: Salt River Valley, Arizona; 1900.  
REMARKS: Diagnostic horizons and features recognized in this pedon are:  
Ochric epipedon - The zone from 0 to 6 inches (Ap horizon)  
Entisol feature - The absence of diagnostic subsurface horizons  
Classified according to Keys to Soil Taxonomy, Ninth Edition, 2003. 
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LOCATION SANELI             TX+NM 
Established Series 
Rev. JCW/WWJ 
03/2007 
SANELI SERIES 
 
The Saneli series consists of deep, moderately well drained, very slowly permeable soils 
that formed in clayey alluvium over sandy alluvium. These nearly level soils are on flood 
plains of major streams. Slopes are 0 to 1 percent.  
TAXONOMIC CLASS: Clayey over sandy or sandy-skeletal, smectitic, calcareous, 
thermic Vertic Torrifluvents  
TYPICAL PEDON: Saneli silty clay--cultivated. (Colors are for dry soil unless 
otherwise stated.)  
Ap--0 to 12 inches; pinkish gray (7.5YR 6/2) silty clay, brown (7.5YR 5/2) moist; weak 
subangular blocky structure; very hard, very firm; few cracks 2 cm wide extending to 
lower boundary; many roots; slightly effervescent, moderately alkaline; abrupt smooth 
boundary. (6 to 14 inches thick)  
C1--12 to 32 inches; pinkish gray (5YR 6/2) clay, reddish gray (5YR 5/2) moist; few 
medium and coarse angular blocky peds and a few parallelepipeds, very hard; very firm; 
few cracks 2 cm. wide extending to lower boundary; many roots; few whitish films and 
threads of salt; slightly effervescent; moderately alkaline; abrupt wavy boundary. (14 to 
22 inches thick)  
2C2--32 to 42 inches; very pale brown (10YR 7/3) fine sand, pale brown (10YR 6/3) 
moist; single grained; weak bedding planes; loose, very friable, effervescent, moderately 
alkaline; abrupt boundary. (8 to 18 inches thick)  
2C3--42 to 50 inches; very pale brown (10YR 7/3) fine sand, pale brown (10YR 6/3); 
many thin strata of brown silt loam and loam; massive; evident bedding planes; 
effervescent; moderately alkaline.  
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TYPE LOCATION: El Paso County, Texas. In a cultivated field 50 feet west of Prado 
Drive, from a point .75 mile southwest of U. S. Highway 80 (northwest of Ysleta High 
School).  
RANGE IN CHARACTERISTICS:  
Soil moisture - Intermittently moist in the soil moisture control section during July-
August. Typic aridic soil moisture regime.  
Thickness of the clayey layer: 21 to 34 inches  
These soils are usually dry in most years in all parts between 7 and 20 inches and have 
cracks more than 1 cm wide and 12 inches long that extend to 20 inches or more below 
the surface when the soil is dry.  
Organic matter decreases irregularly with depth to 50 inches below the surface.  
A and C horizons 
Hue: 7.5YR or 10YR 
Value: 5 or 6 
Chroma: 2 through 4 
Texture: silty clay loam, silty clay, or clay 
Reaction: moderately alkaline 
Effervescence: calcareous 
Mineralogy: smectitic  
2C horizon 
Texture: sand, fine sand, loamy sand, or loamy fine sand, with few to many thin strata of 
fine sandy loam, loam, or silt loam 
Reaction: slightly to moderately alkaline 
Effervescence: calcareous to noncalcareous 
Mineralogy: mixed  
In some pedons thin strata of contrasting materials are lacking in the lower part.  
COMPETING SERIES: There are no competing series.  
GEOGRAPHIC SETTING: Saneli soils occupy nearly level flood plains of major 
streams. Slopes are mostly less than 1 percent. The regolith consists of clayey over sandy 
sediments many feet thick. The climate is arid with an average annual precipitation of 4 
to 12 inches, and a Thornthwaite P-E index of 10 to 15. The mean annual air temperature 
ranges from 59 to 68 degrees F.  
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GEOGRAPHICALLY ASSOCIATED SOILS: These are Anapra, Tigua, Brazito, 
Gila, Glendale, Harkey, and Vinton soils. All these soils have less than 35 percent clay in 
the 10- to 40-inch control section.  
DRAINAGE AND PERMEABILITY: Moderately well drained. Surface runoff is very 
slow. Water enters the soil rapidly when the soils are dry and cracked, but very slow 
when the soil is wet and the cracks are sealed. Internal drainage is slow. Permeability is 
very slow.  
USE AND VEGETATION: Most of these soils are used for irrigated cropland. Crops 
are cotton, alfalfa, grain sorghums, and vegetables.  
DISTRIBUTION AND EXTENT: Southern part of the Trans-Pecos in West Texas, 
along the Rio Grande and major tributaries and in New Mexico. This soil occurs in LRR-
D, MLRA 42. The series is of moderate extent.  
MLRA OFFICE RESPONSIBLE: Phoenix, Arizona  
SERIES ESTABLISHED: El Paso County, Texas; 1972.  
REMARKS: Diagnostic horizons and features recognized in this pedon are:  
Ochric epipedon - The zone from 0 to 12 inches (Ap horizon)  
Entisol feature - The absence of diagnostic subsurface horizons  
Fluvial feature - Irregular decrease in organic carbon in the zone from 12 to 50 inches 
(C1, 2C2, 2C3 horizons)  
Vertic feature - soil cracks  
Classified according to Soil Taxonomy Second Edition, 1999.  
When the competing series section was updated in September 2001, questions were 
raised about the pedon description of this series. A field study of the type location is 
recommended to update the description. 
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APPENDIX B 
 
Restored Native Site Descriptions  
Units 28, 29 and 30 (Excerpts taken directly from Taylor and McDaniel 1998) 
Tamarix treatment and removal across large tracts of land within the BDANWR began in 
the years following a large fire that burned 735 hectares of historic floodplain in 1986 
(Taylor and McDaniel 1998).  The site chosen for restoration within this burned area is 
bisected by a Rio Grande channel abandoned in 1942 during the last great flood when the 
river shifted about 1 km to the east. The area is bordered to the east by a low spoil levee 
resulting from construction of the Rio Grande low flow channel in the 1960s and on the 
west by an old levee constructed in the early 1940s prior to the flood. East-west cross 
dikes were constructed perpendicular to the repaired abandoned channel separating the 
project site into three management areas totaling 159 ha. Two areas, unit 28 and 29, are 
61 ha while the remaining area, unit 30, is 37 ha. Flood irrigation developments divert 
water from the main Refuge canal to the repaired abandoned channel on the north end of 
unit 28 with continued flow to units 29 and 30. Water control structures were placed in 
cross dikes to provide irrigation capabilities and to create wetlands in lower elevations in 
units 28 and 29. 
Work related to saltcedar control was staggered by unit and began in 1987 on unit 28; 
1988 on unit 29; and 1991 on unit 30. Prior to clearing, saltcedar canopy closure 
averaged 70% (" 4%) and was not different among units (est. from 1987 aerial photos, 
2.54 cm = 152 m; 30 random 5-cm measurements per unit). Saltcedar was generally 
shorter with fewer stems in unit 28 (2.4 " 0.15 m ht; 4,580 " stems/ha) than units 29 and 
30 (3.4 " 0.13 m ht; 7000 " 585 stems/ha; measured within 90 random 2.4 m2 circular 
plots per unit). 
Saltcedar in unit 28 was sprayed in September 1987 by fixed-wing aircraft with imazapyr 
applied at 1.12 kg/ha in a 140 L/ha solution with a drift control agent and nonionic 
surfactant added at 0.25% v/v. The next summer, green leaf material was absent and 
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stems were desiccated so it was decided to chain the standing debris before broadcast 
burning. Two D-7 class bulldozers dragging a heavy gauge ship chain about 1 m above 
the surface laid down the standing vegetation in preparation for broadcast burning. 
Conditions during the burn in September 1988 averaged 40% relative humidity, 25EC air 
temperature, and 8 km/h wind speed from the south. Fuel moisture content was less than 
10% and the fire consumed over 90% of the woody debris. One year later saltcedar 
resprouts were common over most of the burned area. We are not certain, but the high 
number of resprouts may partially have been the result of incomplete herbicide activity 
and the fire being conducted too soon after spraying. To control resprouts, the entire 61-
ha area was root plowed to a 45-cm depth in autumn 1989 using procedures described by 
Horton (1960). Roots and other woody debris were then stacked in piles using bulldozers 
equipped with front-mounted brush blades. After burning and burying the piles, the entire 
area was smoothed by dragging a rail iron behind a bulldozer in preparation for 
revegetation. Saltcedar resprouts were still common after root plowing thus, in August 
1990 larger plants were cut and immediately treated with a cut-stump formulation of 
imazapyr (Chopper 7) by ground crews using backpack pump sprayers. In August 1991, 
remaining resprouts were treated with a foliar application of imazapyr (Arsenal 7) applied 
at 1% v/v in water with a 0.25% nonionic surfactant added to a tank sprayer mounted on 
an all-terrain vehicle. Estimated cost for saltcedar control on unit 28 was $1,030/ha which 
included 2 years of spot herbicide applications on resprouts. In 1995, 6 yr after treatments 
began, an average of 72 live saltcedar resprouts/ha were recorded after a complete count 
over the unit. 
Saltcedar in unit 29 was initially treated with imazapyr applied at 0.84 kg/ha in a 140 
L/ha solution by fixed-wing aircraft in September 1988. Trees were 100% defoliated the 
next summer, and a broadcast burn was attempted without prior chaining in September 
1989. This burn was incomplete, thus additional aerial vegetation clearing was required. 
Standing debris was raked at ground surface and windrowed using a hydraulic 6.4 m 
wide root rake pulled behind a D-7 bulldozer in autumn 1989. Rake teeth on the 
implement were 1.2 m in length, spaced 38 cm apart. Windrowed material was 
consolidated into piles for burning using a 1.9 m3 capacity scoop articulating loader 
adapted with a brush rake. As in unit 28, follow-up mechanical control was required over 
the entire area to reduce resprouts. During summer 1990, unit 29 was root plowed and 
raked, and debris was stacked into piles. These piles were then burned and the entire area 
smoothed by dragging a rail iron over the surface. Resprouts were treated in August 1991 
with a 1% v/v imazapyr foliar application using an all-terrain vehicle. Total cost for this 
operation was $1,292/ha and an average of 63 resprouts/ha were counted across the unit 
in 1995. 
From control experiences gained treating units 28 and 29, it was decided to forego the 
aerial herbicide application on unit 30 and use mechanical methods as initial treatments. 
Saltcedar aerial growth was first pushed down with a front mounted dirt blade attached to 
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a D-7 bulldozer. Debris was stacked with the articulating loader, brush was raked, and 
piles were burned. Root plowing and root raking followed aerial clearing using 
equipment and implements previously described. Roots were stacked in piles, burned, 
and the entire area was smoothed for revegetation using the rail iron dragged over the 
surface. All work was accomplished over a 6 month period during spring and summer 
1991. Few saltcedar resprouts were found following these control activities and 
maintenance spot herbicide applications were not required. Control cost for 37 ha in unit 
30 was $750/ha, and saltcedar density averaged 15 resprouts/ha in 1995. 
Plantings were made from January to April 1990 and 1991 in units 28, and 29, 
respectively; and unit 30 in 1992 and 1993. Cottonwood, black willows, wolfberry, New 
Mexico olive, silver buffaloberry, screwbean mesquite, skunkbush sumac, and fourwing 
saltbush were planted. Seedlings were later flood irrigated about every other month the 
first growing season and annually thereafter in late May. 
Cottonwood survival exceeded 80% 4 yr after planting units 28 and 30, but frost damage 
shortly after leaf out in April killed many first-year poles in unit 29 (53% alive after 4 yr). 
Cottonwood growth was slowed somewhat when poles were planted in areas where water 
table depth exceeded 4.3 m and soil salinity approached 3.0 dS/m, but overall annual 
growth was linear and equal across units (Figure 2; height = 1.35 + 0.68 (yr), F = 0.871, 
df = 2,6, n = 1032). Black willows established easily in units 28 and 29 (> 80% survival), 
but the deeper water table and girdling damage by rabbits to nearly 90% of the first yr 
trees lowered survival in unit 30 (25% alive after 4 yr). Black willow height increased 
about 0.75 m/yr through the first 4 yr (Figure 3, height = 1.35 + 0.68 (yr), F = 0.97, df = 
2,6, n = 517). 
Planted shrub survival, with the exception of New Mexico olive, was disappointing but 
was more than offset by natural regeneration. Native species including coyote willow, 
seepwillow, numerous herbs, and to a certain extent cottonwood and black willow, 
responded to irrigations, resulting in nonplanted species comprising nearly 98% of the 
woody composition in 1995. Considering these results, the refuge now attempts to mimic 
natural flooding processes using controlled water level manipulations to facilitate 
regeneration of native flora where possible. Although saltcedar seedlings are recruited 
using this technique, experience has shown they form a minor component of the overall 
flora assemblage. 
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Unit 31 North and South (Dello Russo 2009, email communication) 
Unit 31North and South were mechanically cleared of Tamarix vegetation in 1997 and 
1998 using dozers, root plow and rake.  These areas were first flooded for riparian tree 
establishment in 1999.  The lower elevations were managed each year afterward as a 
seasonal wetland.  The last year the riparian forest (i.e. sampling areas) were flooded was 
in 2000.  
Unit 7 North (Dello Russo 2009, email communication) 
Unit 7 was mechanically cleared in 2001 using dozers, root plow and rake.  Unit 7 North 
was restored with a mix of riparian trees and seasonal wetland species in 2002. This Unit 
was flooded each year from 2001 to 2003 and has not been flooded since.
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APPENDIX C 
Stem Diameter-Age Relationship Data 
 
Location 
Land 
Owner Tree Tag # 
First 
Year Age (Yrs) 
Stem 
Diameter 
(cm) 
Rings per 
cm 
Core or Cross-
section Asymmetry Pith Location on Stem 
San Marcial BOR 701 1979 27 21 0.78 Core   
  702 1983 23 18 0.78 Core   
  703 1983 23 15.5 0.67 Core   
  704 1975 31 23 0.74 Core   
  705 1981 25 16.5 0.66 Core 
  706 1984 22 12 0.55 Core 
  707 1975 31 16 0.52 Core 
  708 1986 20 16 0.80 Core 
Notes: Due to extreme asymmetry in Tamarix stems, none of the dates 
obtained via core analysis can be considered accurate.  They are likely 
underestimations of the true age of these individuals.                                                                                                                                                                   
  709 1975 31 14 0.45 Core   
  710 1986 20 15 0.75 Core   
  711 1985 21 25 1.19 Core   
  712 1983 23 17 0.74 Core   
  713 1984 22 20 0.91 Core   
  742 1985 21 16 0.76 Core   
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Location 
Land 
Owner Tree Tag # 
First 
Year Age (Yrs) 
Stem 
Diameter 
(cm) 
Rings per 
cm 
Core or Cross-
section Asymmetry Pith Location on Stem 
  743 1989 17 23.5 1.38 Core   
  744 1983 23 25 1.09 Core    
San Marcial BOR 714 1993 13 7.2 0.55 Cross-section Yes Pith East 
  715 1993 13 5.3 0.41 Cross-section Yes Pith West 
  716 1993 13 6.9 0.53 Cross-section No  
  717 1993 13 5.8 0.45 Cross-section No   
  718 1993 13 7.3 0.56 Cross-section Yes Pith East 
  719 1992 14 6.2 0.44 Cross-section Yes Pith South 
  720 1993 13 7.6 0.58 Cross-section Yes Pith South 
  721 1992 14 5.7 0.41 Cross-section Yes Pith South 
  722 1994 12 7 0.58 Cross-section No Outer rings don't extend around stem. 
  723 1994 12 5.4 0.45 Cross-section Slight Pith South 
  724 1992 14 5.5 0.39 Cross-section Yes Pith West 
  725 1994 12 4.8 0.40 Cross-section No Outer rings don't extend around stem. 
  745 1993 13 6.7 0.52 Cross-section Yes Pith East 
  746 1993 13 6.3 0.48 Cross-section Yes Pith South 
  747 1994 12 7.2 0.60 Cross-section Extreme Pith South 
  748 1994 12 4.5 0.38 Cross-section Yes Pith South   
San Marcial BOR 726 1992 14 8.9 0.64 Cross-section Extreme Pith South 
  727 1993 13 7.9 0.61 Cross-section Extreme Pith East 
  728 1993 13 8.5 0.65 Cross-section Slight Pith South 
  729 1993 13 7.3 0.56 Cross-section Extreme Pith South   
  730 1993 13 9 0.69 Cross-section Slight Pith Southwest 
  731 1994 12 7.8 0.65 Cross-section Yes Pith South  
  732 1993 13 6.5 0.50 Cross-section Yes Pith Northwest 
  733 1993 13 6.8 0.52 Cross-section Extreme Pith South 
  734 1994 12 6.6 0.55 Cross-section No  
  735 1994 12 5.3 0.44 Cross-section Yes Pith South 
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Location 
Land 
Owner Tree Tag # 
First 
Year Age (Yrs) 
Stem 
Diameter 
(cm) 
Rings per 
cm 
Core or Cross-
section Asymmetry Pith Location on Stem 
  736 1994 12 5.8 0.48 Cross-section Yes Pith West 
  737 1992 14 11.1 0.79 Cross-section Yes Pith West 
  738 1994 12 7.5 0.63 Cross-section No Outer rings don't extend around stem. 
  739 1993 13 6.4 0.49 Cross-section Yes Pith South 
  740 1994 12 8.2 0.68 Cross-section No  
  741 1994 12 9.4 0.78 Cross-section No  
BOR 749 1988 18 18 1.00 Core   Fort Craig 
Bridge  750 1978 28 30 1.07 Core   
  752 1964 42 36 0.86 Core   
  753 1974 32 30 0.94 Core   
  754 1976 30 18.5 0.62 Core 
  755 1977 29 15 0.52 Core 
  756 1971 35 29.5 0.84 Core 
Notes: Due to extreme asymmetry in Tamarix stems, none of the dates 
obtained via core analysis can be considered accurate.  They are likely 
underestimations of the true age of these individuals. 
  757 1985 21 20 0.95 Core   
  758 1987 19 19 1.00 Core   
  759 1963 43 28.5 0.66 Core   
  760 1965 41 34 0.83 Core   
  761 1995 11 13.5 1.23 Core   
  762 1978 28 38.5 1.38 Core   
  763 1994 12 13 1.08 Core   
  764 1993 13 12.5 0.96 Core    
BDANWR USFWS 765 1984 22 7.5 0.34 Cross-section Extreme Pith South 
  766 1985 21 6 0.29 Cross-section No   
  767 1985 21 9.1 0.43 Cross-section Extreme Pith Southwest 
  768 1990 16 15.5 0.97 Core 
  769 1985 21 12 0.57 Core 
  770 1986 20 12.5 0.63 Core 
Notes: Due to extreme asymmetry in Tamarix stems, none of the dates 
obtained via core analysis can be considered accurate.  They are likely 
underestimations of the true age of these individuals. 
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Location 
Land 
Owner Tree Tag # 
First 
Year Age (Yrs) 
Stem 
Diameter 
(cm) 
Rings per 
cm 
Core or Cross-
section Asymmetry Pith Location on Stem 
  771 1986 20 6.2 0.31 Cross-section Yes Pith West 
  772 1987 19 12 0.63 Cross-section Extreme Pith Southwest 
  773 1985 21 8.3 0.40 Cross-section No  
  774 1986 20 6.2 0.31 Cross-section Extreme Pith East 
  775 1985 21 7.3 0.35 Cross-section Extreme Pith South 
  776 1992 14 6.3 0.45 Cross-section Yes Pith East 
  777 1987 19 4.2 0.22 Cross-section Yes Pith East 
  778 1987 19 12 0.63 Cross-section Extreme Pith Northeast 
  779 1986 20 9 0.45 Cross-section Extreme Pith West 
  780 1991 15 7.1 0.47 Cross-section No Outer rings don't extend around stem. 
BDANWR USFWS 781 1985 21 10.8 0.51 Cross-section No Stem splitting. 
  782 1986 20 6.7 0.34 Cross-section Extreme Pith South 
  783 1985 21 11.2 0.53 Cross-section Yes Pith Southwest 
  784 1984 22 16.5 0.75 Core   
  785 1984 22 19.5 0.89 Core   
  786 1986 20 16.5 0.83 Core   
  787 1984 22 19 0.86 Core 
  788 1985 21 17.5 0.83 Core 
  789 1988 18 24 1.33 Core 
Notes: Due to extreme asymmetry in Tamarix stems, none of the dates 
obtained via core analysis can be considered accurate.  They are likely 
underestimations of the true age of these individuals. 
  790 1985 21 23 1.10 Core   
  791 1985 21 15 0.71 Core   
  792 1987 19 21 1.11 Core   
  793 1985 21 13 0.62 Core   
  794 1989 17 15 0.88 Core   
  795 1987 19 14 0.74 Core   
  796 1986 20 15 0.75 Core    
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Location 
Land 
Owner Tree Tag # 
First 
Year Age (Yrs) 
Stem 
Diameter 
(cm) 
Rings per 
cm 
Core or Cross-
section Asymmetry Pith Location on Stem 
La Joya NWR NMGF None 1999 7 2.6 0.37 Cross-section  NA 
  None 2001 5 2.1 0.42 Cross-section  NA 
  None 2002 4 2 0.50 Cross-section  NA 
  None 2002 4 2 0.50 Cross-section  NA 
  None 2002 4 2.2 0.55 Cross-section  NA 
  None 2002 4 2.1 0.53 Cross-section  NA 
  None 2002 4 2 0.50 Cross-section  NA 
  None 1998 8 2.6 0.33 Cross-section  NA 
  None 1990 16 2.7 0.17 Cross-section  NA 
  None 1989 17 2.6 0.15 Cross-section  NA 
  None 2002 4 2.1 0.53 Cross-section  NA 
  None 2001 5 2.2 0.44 Cross-section  NA 
  None 1999 7 2.5 0.36 Cross-section  NA 
  None 1990 16 3.5 0.22 Cross-section  NA 
  None 1997 9 2.6 0.29 Cross-section  NA 
  None 1984 22 3.4 0.15 Cross-section  NA  
La Joya NWR NMGF None 1989 17 3.4 0.20 Cross-section   NA 
  None 2002 4 2.1 0.53 Cross-section  NA 
  None 2001 5 2 0.40 Cross-section  NA 
  None 1990 16 3.5 0.22 Cross-section  NA 
  None 1999 7 2.3 0.33 Cross-section  NA 
  None 2000 6 2.2 0.37 Cross-section  NA 
  None 1999 7 2 0.29 Cross-section  NA 
  None 2001 5 2.3 0.46 Cross-section  NA 
  None 2002 4 2.1 0.53 Cross-section  NA 
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Location 
Land 
Owner Tree Tag # 
First 
Year Age (Yrs) 
Stem 
Diameter 
(cm) 
Rings per 
cm 
Core or Cross-
section Asymmetry Pith Location on Stem 
  None 1998 8 2 0.25 Cross-section  NA 
  None 1998 8 2 0.25 Cross-section  NA 
  None 2001 5 2.3 0.46 Cross-section  NA 
  None 1995 11 2 0.18 Cross-section  NA 
  None 1991 15 2 0.13 Cross-section  NA 
  None 1988 18 2.5 0.14 Cross-section  NA  
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APPENDIX D 
Vegetation Species List 
   
WOODY SPECIES  
Scientific Name Common Name Species Code Native or Alien 
Amorpha fruticosa False indigobush AMFR Native  
Atriplex canescens Four-wing Saltbrush ATCA Native 
Baccharis glutinosa Seepwillow BAGL Native 
Chrysothamnus nauseosus Rabbitbrush CHNA Native 
Elaeagnus angustifolia Russian olive ELAN Alien 
Gutierrezia sarothrae  Snakeweed GUSA Native 
Lycium berlandieri Wolfberry LYBE Native 
Populus deltoides ssp. wislizeni  Rio Grande cottonwood PODE Native 
Prosopis glandulosa Honey mesquite PRGL Native 
Prosopis pubescens Screwbean mesquite PRPU Native 
Salix exigua Coyote/Sandbar willow SAEX Native 
Salix goodingii Gooding's willow SAGO Native 
Tamarix ramosissima Saltcedar/Tamarisk TARA Alien 
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HERBACEOUS SPECIES  
Scientific Name Common Name Species Code Native or Alien 
Aristida purpurea Threeawn ARPU Native 
Asclepias latifolia  Broadleaved milkweed ASLA Native 
Asclepias subverticillata  Whorled milkweed ASSU Native 
Astragalus spp. Milkvetch ASSP Native 
Bassia scoparia Kochia BASC Alien 
Chenopodium album  Lambs quarters CHAL Alien 
Chenopodium spp.  CHEN Alien 
Chloracantha spinosa  Spiny aster CHSP Native 
Cirsium neomexicanum New Mexico thistle CINE Native 
Conyza canadensis Horseweed/Mare's Tail COCA Native 
Descurainia pinnata Western tansymustard DEPI Native 
Digitaria spp. Crabgrass DISP Alien 
Dimorphocarpa wislizeni Spectacle pod DIWI Native 
Distichlis stricta Desert Saltgrass DIST Native 
Eleocharis spp. Spike rush ELSP Native 
Erigeron divergens Spreading Fleabane ERDI Native 
Gaillardia pulchella  Firewheel GAPU Native 
Glycyrrhiza lepidota Wild Licorice GLLE Native 
Hordeum jubatum Foxtail barley HOSP Native 
Lactuca seriola Prickly lettuce LASE Alien 
Lepidium latifolium  Broadleaved pepperweed LELA Alien 
Machaeranthera parviflora  Small flowered tansy aster MAPA Native 
Melilotus officinalis Yellow Sweetclover MEOF Alien 
Oenothera deltoides Desert primrose OEDE Native 
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Scientific Name Common Name Species Code Native or Alien 
Phragmites australis  Common reed PHAU Native 
Polypogon monspeliensis  Annual rabbitfoot grass POMO Alien 
Rumex spp. Curly dock RUSP Alien 
Solanum physalifolium  Groundcherry nightshade SOPH Native 
Sporobolus airoides  Alkali sacaton SPAI Native 
Sporobolus cryptandrus Sand Dropseed SPCR Native 
Sporobolus wrightii  Giant sacaton SPWR Native 
Typha latifolia Cattail TYLA Native 
Xanthium spinosum Spiny cocklebur XASP Alien 
Xylorhiza tortifolia Mojave aster XYTO Native 
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Location Data 
 
 
Stand 
# 
Site 
# 
Levee 
Status Land Owner Description USGS Quad Latitude Longitude Elevation (m) 
River 
Mile 
Distance From 
Channel (m) 
1 1 Outside BOR Near Fort Craig Bridge Fort Craig 33.6322159 -107.0066746 1339.35 64 726.91 
2 1 Outside BOR San Marcial Fort Craig 33.6560744 -107.0011489 1341.9 67 380.905 
3 1 Outside BOR San Marcial Fort Craig 33.65837063 -107.0034879 1344.75 67 430.465 
4 1 Outside BOR San Marcial Fort Craig 33.66122031 -107.0062576 1342.8 67 610.67 
5 1 Outside BOR San Marcial Fort Craig 33.66703844 -107.0080134 1340.55 67 530.27 
6 1 Outside BOR San Marcial Fort Craig 33.67327876 -107.0091822 1341.45 68 670.945 
6 2 Outside BOR San Marcial Fort Craig 33.66977572 -107.0127131 1343.25 68 927.855 
7 1 Outside BOR San Marcial Fort Craig 33.67625593 -107.007028 1331.25 68 625.355 
7 2 Outside BOR San Marcial Fort Craig 33.67666799 -107.0082496 1348.8 68 759.665 
7 3 Outside BOR San Marcial Fort Craig 33.67851963 -107.0044075 1344 68 519.785 
8 1 Outside BOR San Marcial Fort Craig 33.67964842 -107.0033515 1346.4 68 501.595 
9 1 Outside BOR San Marcial San Marcial 33.68860952 -106.9944686 1370.7 69 816.9 
10 1 Inside BOR Near Railroad Tressel San Marcial 33.68265367 -106.9930146 1348.2 69 184.635 
10 2 Inside BOR Near Railraod Tressel San Marcial 33.68160912 -106.9976741 1344.9 69 275.085 
11 1 Inside BOR South of Road to River  San Marcial 33.67923813 -106.9989278 1340.55 69 138.315 
12 1 Inside BDANWR Near Southern Boundary San Marcial 33.72989777 -106.9108752 1360.8 74 143.21 
13 1 Inside BDANWR South of Fire Break Indian Well Wilderness 33.7753022 -106.8775436 1360.05 77 175.6 
14 1 Inside BDANWR South of Fire Break Indian Well Wilderness 33.77023869 -106.8778846 1364.4 77 270.145 
15 1 Outside BDANWR Unit 29 Indian Well Wilderness 33.78087088 -106.8808561 1353.6 78 605.445 
16 1 Inside BDANWR Unit 29 Indian Well Wilderness 33.78064583 -106.8855844 1339.2 78 1020.17 
17 1 Outside BDANWR Unit 28 Indian Well Wilderness 33.79440171 -106.8760453 1360.2 78 501.54 
18 1 Inside BDANWR Unit 31 South Indian Well Wilderness 33.76784189 -106.8948278 1355.25 78 1554.12 
19 1 Inside BDANWR Unit 31 North Indian Well Wilderness 33.76972446 -106.8930873 1355.1 78 1567.825 
20 1 Outside BDANWR Unit 30 Indian Well Wilderness 33.77652923 -106.8827145 1355.7 78 665.535 
21 1 Inside BDANWR Unit 30 Indian Well Wilderness 33.77722124 -106.8896643 1353.3 78 1304.595 
22 1 Outside BDANWR Unit 30 Indian Well Wilderness 33.77138668 -106.8891262 1352.4 78 1224.265 
23 1 Outside BDANWR Unit 30 Indian Well Wilderness 33.77783622 -106.8859899 1353.6 78 996.945 
24 1 Inside BDANWR Evapotranspiration Study 
Area 
Indian Well Wilderness 33.78451969 -106.8779016 1361.4 78 261.255 
24 2 Inside BDANWR Evapotranspiration Study 
Area 
Indian Well Wilderness 33.78330826 -106.8780127 1350.3 78 279.53 
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Stand 
# 
Site 
# 
Levee 
Status Land Owner Description USGS Quad Latitude Longitude Elevation (m) 
River 
Mile 
Distance From 
Channel (m) 
24 3 Inside BDANWR Evapotranspiration Study 
Area 
Indian Well Wilderness 33.78112335 -106.8779529 1364.25 78 348.75 
24 4 Inside BDANWR Evapotranspiration Study 
Area 
Indian Well Wilderness 33.77722886 -106.8772132 1359 78 310.92 
25 1 Inside BDANWR Unit 7 San Antonio 33.84613859 -106.8495815 1356.9 79 416.895 
26 1 Inside BDANWR East of River San Antonio 33.83737329 -106.8438621 1360.65 82 360.43 
27 1 Inside BDANWR East of River San Antonio 33.86262034 -106.8372596 1356.75 83 956.1 
27 2 Inside BDANWR East of River  San Antonio  33.86850921 -106.8371238 1360.2 83 932.465 
28 1 Outside Sevilleta NWR Near Rio Salado confluence San Acacia 34.26992132 -106.8619066 1409.25 118 275.095 
29 1 Outside New Mexico 
Game & Fish 
La Joya NWR Near Sevilleta 
boundary 
La Joya 34.30576863 -106.8532445 1409.1 122 188.495 
30 1 Outside New Mexico 
Game & Fish 
La Joya NWR La Joya 34.30791372 -106.8544923 1410.75 122 288.32 
31 1 Outside New Mexico 
Game & Fish 
La Joya NWR La Joya 34.31064321 -106.8549393 1408.95 122 172.535 
32 1 Outside New Mexico 
Game & Fish 
La Joya NWR La Joya 34.31857349 -106.8580096 1407.6 123 336.765 
34 1 Outside New Mexico 
Game & Fish 
La Joya NWR La Joya 34.36300303 -106.8522831 1416 126 458.18 
35 1 Outside New Mexico 
Game & Fish 
LaJoya NWR, Near Pond 2 La Joya 34.36340603 -106.8629162 1417.65 126 1308.24 
35 2 Outside New Mexico 
Game & Fish 
La Joya NWR, Near Pond 2 La Joya 34.36279164 -106.8621237 1411.8 126 1208.87 
36 1 Outside New Mexico 
Game & Fish 
Bernardo NWR near Hwy 60 Abeytas 34.42040071 -106.8045576 1421.85 131 445.98 
36 2 Outside New Mexico 
Game & Fish 
Bernardo NWR near Hwy 60 Abeytas 34.41868342 -106.8036618 1425 131 378.365 
37 1 Inside MRGCD Near Bernardo and Hwy 60 Abeytas 34.42891748 -106.8023689 1419.6 131 74.135 
38 1 Inside MRGCD East of River near Hwy 60 Abeytas 34.42771308 -106.7975404 1427.85 131 288.46 
39 1 Inside MRGCD East of River Next to Levee 
Road 
Abeytas 34.41945624 -106.7948954 1422.3 131 329.08 
40 1 Inside MRGCD Adjacent to West Levee 
Road 
Abeytas 34.43921641 -106.8052403 1415.55 132 236.53 
41 1 Inside MRGCD Adjacent to West Levee 
Road 
Abeytas 34.43859128 -106.8080842 1425.75 132 528.77 
160 
 
 
 
Woody Vegetation Data 
 
 
Site ID 
Mean 
Dist. 
(m) 
Mean 
Tamarix 
Diam.  
(cm) 
 Mean 
Tamarix 
Basal 
Area  
(cm2) 
Mean 
Other 
Basal 
Area  
(cm2) 
Total 
Trees 
/m2 
Absolute 
Tamarix 
Density  
(Trees/ha) 
Absolute 
Other 
Density  
(Trees/ha) 
Relative 
Tamarix 
Density  
(% 
Trees/ha) 
Absolute 
Tamarix 
Cover 
(m2/ha) 
Absolute 
Total 
Cover  
(m2/ha) 
Relative 
Cover 
Tamarix 
(%) 
Absolute 
Tamarix 
Freq 
(%) 
Relative 
Tamarix 
Freq (%) 
Importance 
Value 
Tamarix 
1 1 4.49 18.30 274.89 362.55 0.05 500.71 21.21 96.25 13.68 14.69 94.26 100.00 87.12 277.63 
2 1 4.78 18.65 299.82 0.00 0.05 456.85 0.00 100.00 13.41 13.41 100.00 100.00 100.00 300 
3 1 1.75 4.45 17.70 0.00 0.39 3762.44 0.00 100.00 6.04 6.04 100.00 100.00 100.00 300 
4 1 1.94 2.55 6.09 0.00 0.27 2480.23 0.00 100.00 1.60 1.60 100.00 100.00 100.00 300 
5 1 4.68 12.40 129.39 0.00 0.07 715.65 0.00 100.00 7.63 7.63 100.00 100.00 100.00 300 
6 1 1.36 6.45 33.69 0.00 0.55 5445.68 0.00 100.00 18.57 18.57 100.00 100.00 100.00 300 
6 2 2.92 7.80 49.93 0.00 0.12 1226.00 0.00 100.00 5.87 5.87 100.00 100.00 100.00 300 
7 1 1.93 15.15 182.27 0.00 0.27 2689.02 0.00 100.00 49.05 49.05 100.00 100.00 100.00 300 
7 2 1.79 15.55 198.21 0.00 0.32 3157.09 0.00 100.00 61.61 61.61 100.00 100.00 100.00 300 
7 3 2.85 21.85 402.07 0.00 0.14 1369.05 0.00 100.00 49.08 49.08 100.00 100.00 100.00 300 
8 1 1.52 6.05 29.06 0.00 0.43 4335.89 0.00 100.00 12.44 12.44 100.00 100.00 100.00 300 
9 1 2.22 6.45 35.29 0.00 0.24 2355.22 0.00 100.00 7.25 7.25 100.00 100.00 100.00 300 
10 1 0.28 1.00 2.28 121.81 15.81 13172.92 12795.14 88.75 38.46 200.61 27.87 100.00 75.00 191.62 
10 2 1.40 1.00 28.32 402.56 0.52 3741.21 1191.80 76.25 12.63 57.88 19.57 100.00 61.11 156.93 
11 1 1.16 1.00 11.97 281.32 0.95 4875.67 2079.33 78.75 5.51 71.68 13.50 100.00 66.67 158.92 
12 1 1.47 1.00 33.82 1188.51 0.60 4888.00 1134.52 82.50 22.50 115.96 15.27 100.00 74.18 171.95 
13 1 1.31 8.35 56.21 0.00 0.59 5852.70 0.00 100.00 32.59 32.59 100.00 100.00 100.00 300 
14 1 1.82 10.75 98.12 178.83 0.32 3161.63 29.39 98.75 29.48 30.54 96.33 100.00 95.46 290.54 
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Site ID 
Mean 
Dist. 
(m) 
Mean 
Tamarix 
Diam.  
(cm) 
 Mean 
Tamarix 
Basal 
Area  
(cm2) 
Mean 
Other 
Basal 
Area  
(cm2) 
Total 
Trees 
/m2 
Absolute 
Tamarix 
Density  
(Trees/ha) 
Absolute 
Other 
Density  
(Trees/ha) 
Relative 
Tamarix 
Density  
(% 
Trees/ha) 
Absolute 
Tamarix 
Cover 
(m2/ha) 
Absolute 
Total 
Cover  
(m2/ha) 
Relative 
Cover 
Tamarix 
(%) 
Absolute 
Tamarix 
Freq 
(%) 
Relative 
Tamarix 
Freq (%) 
Importance 
Value 
Tamarix 
15 1 3.85 1.00 0.42 171.79 0.07 103.48 572.69 15.00 0.01 9.84 0.05 40.00 28.21 43.26 
16 1 2.42 1.00 0.69 22.56 0.18 41.72 1708.33 2.50 0.00 4.27 0.10 10.00 9.09 11.69 
17 1 4.30 0.50 0.28 220.46 0.06 21.68 544.74 5.00 0.00 10.88 0.01 20.00 14.29 19.30 
18 1 1.69 1.00 0.47 7.83 0.41 922.41 2739.51 28.75 0.07 2.27 2.55 60.00 37.26 68.55 
19 1 0.70 1.00 0.59 6.56 2.23 3182.22 15224.64 28.75 1.20 11.85 7.67 65.00 39.07 75.48 
20 1 6.73 0.00 0.00 183.72 0.02 0.00 220.93 0.00 0.00 4.06 0.00 0.00 0.00 0 
21 1 2.17 0.00 0.00 49.93 0.32 0.00 3178.21 0.00 0.00 8.98 0.00 0.00 0.00 0 
22 1 1.30 0.50 0.05 11.25 0.62 98.89 6042.18 2.50 0.00 6.89 0.02 5.00 4.55 7.07 
23 1 5.49 6.60 37.16 0.04 0.04 358.33 3.05 98.75 1.38 1.38 100.00 100.00 95.46 294.20 
24 1 0.84 5.40 22.64 0.00 1.41 14062.28 0.00 100.00 31.63 31.63 100.00 100.00 100.00 300 
24 2 0.63 3.60 11.20 0.00 2.54 19522.77 0.00 100.00 28.62 28.62 100.00 100.00 100.00 300 
24 3 0.94 4.40 17.17 0.00 1.15 11310.98 0.00 100.00 19.95 19.95 100.00 100.00 100.00 300 
24 4 1.01 6.25 30.09 0.00 1.01 10137.11 0.00 100.00 30.12 30.12 100.00 100.00 100.00 300 
25 1 1.34 1.00 6.90 14.81 0.66 1928.10 3919.44 38.75 1.75 7.66 22.66 75.00 42.81 104.22 
26 1 0.77 1.00 0.87 23.31 1.74 4115.93 10576.30 42.25 0.58 15.17 8.34 100.00 100.00 150.59 
27 1 2.38 5.20 22.19 0.00 0.18 1759.88 0.00 100.00 3.91 3.91 100.00 100.00 100.00 300 
27 2 2.62 5.80 29.68 0.00 0.15 1485.46 0.00 100.00 4.46 4.46 100.00 100.00 100.00 300 
28 1 1.20 5.40 24.65 0.00 0.71 6421.77 0.00 100.00 17.23 17.23 100.00 100.00 100.00 300 
29 1 0.84 1.10 0.90 0.00 1.54 7277.49 0.00 100.00 1.36 1.36 100.00 100.00 100.00 300 
30 1 1.28 2.15 3.90 0.00 0.61 4807.39 0.00 100.00 2.37 2.37 100.00 100.00 100.00 300 
31 1 0.65 1.10 0.98 0.04 2.41 7979.54 307.57 98.75 2.33 2.33 99.90 100.00 95.46 294.10 
32 1 3.03 6.05 33.30 0.71 0.12 495.60 625.45 45.00 1.79 1.84 97.38 85.00 48.69 191.08 
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Site ID 
Mean 
Dist. 
(m) 
Mean 
Tamarix 
Diam.  
(cm) 
 Mean 
Tamarix 
Basal 
Area  
(cm2) 
Mean 
Other 
Basal 
Area  
(cm2) 
Total 
Trees 
/m2 
Absolute 
Tamarix 
Density  
(Trees/ha) 
Absolute 
Other 
Density  
(Trees/ha) 
Relative 
Tamarix 
Density  
(% 
Trees/ha) 
Absolute 
Tamarix 
Cover 
(m2/ha) 
Absolute 
Total 
Cover  
(m2/ha) 
Relative 
Cover 
Tamarix 
(%) 
Absolute 
Tamarix 
Freq 
(%) 
Relative 
Tamarix 
Freq (%) 
Importance 
Value 
Tamarix 
34 1 0.86 1.15 1.11 0.08 1.35 7453.64 354.31 97.50 1.46 1.47 99.57 100.00 100.00 297.07 
35 1 3.10 2.60 5.65 0.00 0.13 1266.88 0.00 100.00 0.77 0.77 100.00 100.00 100.00 300 
35 2 2.72 5.45 21.50 0.12 0.18 1623.70 113.88 95.00 3.45 3.46 99.96 100.00 87.12 282.09 
36 1 5.06 1.85 2.48 0.28 0.04 320.57 73.62 83.75 0.08 0.08 95.86 100.00 76.71 256.31 
36 2 5.68 1.90 2.92 0.35 0.03 245.82 70.15 80.00 0.07 0.07 94.16 100.00 69.71 243.87 
37 1 1.35 2.95 6.59 0.20 0.57 5144.02 218.56 95.00 3.60 3.61 99.68 100.00 91.67 286.35 
38 1 1.16 1.00 0.79 175.14 0.75 5369.78 327.82 95.00 0.56 12.05 50.99 100.00 85.71 231.70 
39 1 1.09 2.85 7.80 6.99 0.92 7964.02 230.68 96.25 7.06 7.39 93.48 100.00 91.67 281.40 
40 1 1.50 1.00 1.61 570.12 0.46 3323.50 642.94 86.25 0.57 47.08 12.98 100.00 69.05 168.28 
41 1 0.91 1.10 1.15 0.00 1.24 7221.80 0.00 100.00 1.44 1.44 100.00 100.00 100.00 300 
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Line Transect Data 
 
Site ID 
Tamarix 
Total 
Cover  
# of 
Natives 
# of 
Non-
natives 
# of 
Species 
Native 
Woody 
Cover 
Non-
native 
Woody 
Cover 
Total 
Woody 
Cover 
Native 
Herb. 
Cover 
Non-native 
Herb.Cover 
Total  
Herb. 
Cover 
Native 
Litter 
Cover 
Non-
native 
Litter 
Cover 
Total  
Litter 
Cover 
Total 
Native 
Cover 
Total 
Non-
native 
Cover 
Total 
Cover 
1 1 1.57 2.50 2.00 5.00 0.14 0.77 0.90 0.04 0.02 0.06 0.48 0.80 1.28 0.65 1.58 2.23 
2 1 1.89 1.00 2.50 3.50 0.00 1.06 1.06 0.03 0.10 0.12 0.00 0.84 0.84 0.03 1.58 1.61 
3 1 1.63 2.50 1.50 4.00 0.00 0.94 0.44 0.18 0.06 0.24 0.02 0.70 0.71 0.20 1.69 1.88 
4 1 1.10 4.50 1.00 6.50 0.00 0.73 0.73 0.26 0.00 0.26 0.00 0.28 0.28 0.26 1.10 1.36 
5 1 1.22 2.00 3.00 5.00 0.00 0.66 0.66 0.14 0.15 0.29 0.00 0.56 0.56 0.14 1.36 1.50 
6 1 2.08 0.00 1.00 1.00 0.00 1.18 1.18 0.00 0.00 0.00 0.00 0.90 0.90 0.00 2.08 2.08 
6 2 1.97 0.50 1.50 2.00 0.00 1.18 1.18 0.03 0.01 0.04 0.00 0.75 0.75 0.03 1.89 1.92 
7 1 1.96 0.00 1.00 1.00 0.00 1.10 1.10 0.00 0.00 0.00 0.00 0.86 0.86 0.00 1.96 1.96 
7 2 1.94 0.00 1.00 1.00 0.00 1.10 1.10 0.00 0.00 0.00 0.00 0.85 0.85 0.00 1.94 1.94 
7 3 1.89 0.50 1.50 2.00 0.00 1.06 1.06 0.02 0.01 0.02 0.00 0.84 0.84 0.02 1.90 1.91 
8 1 1.88 2.00 1.00 3.00 0.00 1.10 1.10 0.08 0.00 0.08 0.00 0.78 0.78 0.08 1.88 1.96 
9 1 1.61 1.00 3.00 4.00 0.00 0.93 0.93 0.10 0.21 0.31 0.00 0.68 0.68 0.10 1.82 1.92 
10 1 1.71 2.00 1.00 3.00 0.67 0.80 1.47 0.00 0.00 0.00 0.91 0.91 1.82 1.58 1.71 3.29 
10 2 1.43 1.00 1.00 2.00 0.76 0.61 1.36 0.00 0.00 0.00 0.83 0.83 1.65 1.58 1.43 3.01 
11 1 1.22 3.00 1.50 4.50 0.40 0.41 0.81 0.02 0.00 0.02 0.81 0.81 1.61 1.22 1.22 2.44 
12 1 0.63 1.50 1.00 2.50 0.81 0.63 1.44 0.00 0.00 0.00 0.30 0.00 0.30 1.11 0.63 1.74 
13 1 1.21 0.00 1.00 1.00 0.00 1.21 1.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.21 1.21 
14 1 1.59 0.50 1.00 1.50 0.01 1.02 1.02 0.00 0.00 0.00 0.15 0.58 0.72 0.15 1.59 1.74 
15 1 0.00 5.50 1.50 7.00 0.19 0.00 0.19 0.32 0.07 0.39 0.45 0.00 0.45 0.95 0.07 1.02 
16 1 0.00 5.50 2.00 8.00 0.51 0.00 0.51 0.18 0.06 0.24 0.52 0.00 0.52 1.20 0.06 1.26 
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Site ID 
Tamarix 
Total 
Cover  
# of 
Natives 
# of 
Non-
natives 
# of 
Species 
Native 
Woody 
Cover 
Non-
native 
Woody 
Cover 
Total 
Woody 
Cover 
Native 
Herb. 
Cover 
Non-native 
Herb.Cover 
Total  
Herb. 
Cover 
Native 
Litter 
Cover 
Non-
native 
Litter 
Cover 
Total  
Litter 
Cover 
Total 
Native 
Cover 
Total 
Non-
native 
Cover 
Total 
Cover 
17 1 0.00 2.00 1.50 3.50 0.60 0.00 0.60 0.00 0.40 0.40 0.42 0.00 0.42 1.02 0.40 1.41 
18 1 0.05 5.00 3.00 8.00 0.60 0.05 0.64 0.11 0.17 0.28 0.41 0.00 0.41 1.11 0.21 1.32 
19 1 0.18 3.00 2.00 5.00 0.70 0.16 0.85 0.09 0.04 0.13 0.70 0.03 0.72 1.48 0.19 1.67 
20 1 0.00 5.50 1.50 7.00 0.22 0.00 0.22 0.20 0.03 0.23 0.26 0.00 0.26 0.67 0.03 0.70 
21 1 0.00 3.00 0.50 3.50 0.69 0.00 0.69 0.06 0.03 0.09 0.72 0.00 0.72 1.46 0.03 1.49 
22 1 0.01 4.00 1.00 5.00 0.84 0.01 0.84 0.41 0.02 0.43 0.67 0.00 0.67 1.92 0.02 1.94 
23 1 0.50 1.50 2.00 3.50 0.09 0.19 0.28 0.05 0.15 0.20 0.04 0.26 0.30 0.13 0.64 0.77 
24 1 1.24 0.00 1.00 1.00 0.00 1.24 1.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.24 1.24 
24 2 1.19 0.00 1.00 1.00 0.00 1.19 1.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.19 1.19 
24 3 1.20 0.00 1.00 1.00 0.00 1.20 1.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.20 1.20 
24 4 1.22 0.00 1.00 1.00 0.00 1.22 1.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.22 1.22 
25 1 0.10 5.00 3.50 10.50 0.47 0.10 0.57 0.13 0.05 0.18 0.43 0.00 0.43 1.00 0.15 1.15 
26 1 0.23 3.50 2.00 5.50 0.96 0.26 1.22 0.17 0.06 0.23 0.20 0.00 0.20 1.33 0.32 1.65 
27 1 0.52 1.50 3.00 5.00 0.00 0.45 0.45 0.05 0.25 0.29 0.00 0.07 0.07 0.05 0.76 0.81 
27 2 1.00 1.50 2.00 4.00 0.00 0.82 0.82 0.02 0.01 0.03 0.02 0.19 0.20 0.04 1.01 1.05 
28 1 1.25 2.00 1.00 3.00 0.00 0.77 0.77 0.15 0.00 0.15 0.00 0.48 0.48 0.15 1.25 1.40 
29 1 0.33 3.50 1.00 4.50 0.20 0.29 0.49 0.39 0.00 0.39 0.00 0.04 0.04 0.54 0.33 0.87 
30 1 0.63 1.00 2.00 3.00 0.00 0.52 0.52 0.09 0.09 0.18 0.00 0.12 0.12 0.09 0.76 0.85 
31 1 0.53 3.50 1.00 4.50 0.11 0.48 0.59 0.18 0.00 0.18 0.00 0.11 0.11 0.45 0.53 0.97 
32 1 0.12 5.00 1.00 6.00 0.39 0.10 0.49 0.57 0.00 0.57 0.00 0.02 0.02 0.95 0.12 1.07 
34 1 0.30 4.50 1.00 8.00 0.11 0.23 0.33 0.36 0.00 0.36 0.00 0.08 0.08 0.46 0.30 0.76 
35 1 0.17 1.00 1.00 3.50 0.00 0.14 0.14 0.54 0.00 0.54 0.00 0.03 0.03 0.54 0.17 0.70 
35 2 0.35 3.50 1.00 4.50 0.01 0.27 0.27 0.84 0.00 0.84 0.00 0.09 0.09 0.84 0.35 1.19 
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Site ID 
Tamarix 
Total 
Cover  
# of 
Natives 
# of 
Non-
natives 
# of 
Species 
Native 
Woody 
Cover 
Non-
native 
Woody 
Cover 
Total 
Woody 
Cover 
Native 
Herb. 
Cover 
Non-native 
Herb.Cover 
Total  
Herb. 
Cover 
Native 
Litter 
Cover 
Non-
native 
Litter 
Cover 
Total  
Litter 
Cover 
Total 
Native 
Cover 
Total 
Non-
native 
Cover 
Total 
Cover 
36 1 0.08 6.50 1.00 7.50 0.15 0.04 0.19 0.29 0.00 0.29 0.00 0.05 0.05 0.44 0.08 0.52 
36 2 0.11 6.00 2.00 8.50 0.14 0.10 0.24 0.28 0.04 0.32 0.00 0.01 0.01 0.42 0.15 0.56 
37 1 1.42 2.50 1.00 3.50 0.10 0.90 0.53 0.16 0.00 0.16 0.06 0.52 0.57 0.31 1.40 1.71 
38 1 0.07 4.00 2.00 6.00 0.59 0.09 0.67 0.59 0.00 0.59 0.45 0.00 0.45 1.62 0.09 1.71 
39 1 1.82 1.50 1.50 3.00 0.01 1.08 1.08 0.03 0.03 0.06 0.00 0.75 0.75 0.04 1.85 1.89 
40 1 0.08 6.00 1.50 8.50 0.45 0.36 0.35 0.45 0.01 0.45 0.71 0.02 0.73 1.91 0.08 1.99 
41 1 0.53 5.50 1.00 7.50 0.04 0.39 0.00 0.14 0.00 0.14 0.18 0.14 0.32 0.35 0.46 0.80 
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Soils Data 
        -------------------------------------------------------(meq/L)----------------------------------------------------------  
Site ID 
Soil 
Depth Soil Series/Type Texture 
EC  
(mmhos 
/cm) pH 
OM
% 
NO3
-N P K Zn Fe Mn Cu Ca Mg Na K2 SAR 
1 1 0-6" Anthony-Gila complex 
Sandy 
Loam 5.30 7.79 4.01 3.11 31.25 919.30 3.94 16.68 9.82 2.46 23.28 10.09 44.11 27.78 10.80 
1 1 6-12" Anthony-Gila complex 
Sandy 
Loam 3.76 7.98 1.23 1.46 11.36 439.74 0.99 14.38 4.42 1.35 13.96 6.13 31.91 15.78 10.00 
2 1 0-6" Armijo clay, moderately saline 
Sandy 
Loam 8.58 8.22 2.20 5.35 30.78 771.10 3.62 38.11 8.06 2.50 22.71 14.23 102.34 34.73 23.65 
2 1 6-12" Armijo clay, moderately saline 
Sandy 
Loam 7.52 8.20 1.38 3.66 12.04 451.68 1.59 32.18 5.06 1.84 14.53 9.90 78.60 17.80 22.60 
3 1 0-6" Anthony-Gila complex 
Sandy 
Loam 6.59 8.02 3.64 2.98 25.06 860.92 1.49 19.20 6.17 1.86 19.81 11.73 69.30 28.70 17.39 
3 1 6-12" Anthony-Gila complex 
Sandy 
Loam 3.68 8.05 0.79 0.73 7.88 269.69 0.39 8.57 2.57 0.66 10.24 5.70 34.84 11.76 12.75 
4 1 0-6" Anthony-Gila complex 
Sandy 
Loam 2.19 7.89 0.91 1.66 16.61 406.96 0.83 7.42 4.78 1.16 9.56 3.85 13.70 17.23 5.00 
4 1 6-12" Anthony-Gila complex 
Sandy 
Loam 1.58 7.92 0.80 1.65 14.04 305.80 0.60 7.22 4.76 1.03 6.41 2.78 10.09 12.11 4.58 
5 1 0-6" Anthony-Gila complex 
Sandy 
Loam 3.87 7.75 1.51 4.73 28.23 744.58 0.85 8.96 5.03 1.08 17.43 8.21 25.44 39.25 7.09 
5 1 6-12" Anthony-Gila complex 
Sandy 
Loam 3.44 7.79 0.99 4.45 15.83 516.49 0.10 8.40 3.47 0.96 16.95 7.38 22.55 28.26 6.71 
6 1 0-6" Anthony-Gila complex Clay 6.87 8.19 2.94 1.90 22.05 780.21 1.50 16.92 6.37 1.95 20.34 12.03 66.61 26.48 16.36 
6 1 6-12" Anthony-Gila complex 
Sandy 
Loam 4.20 8.17 0.75 0.54 5.69 342.70 0.32 14.92 2.13 1.20 10.63 6.34 40.91 12.78 14.53 
6 2 0-6" Anthony-Gila complex Clay 7.81 7.84 3.69 3.50 13.36 785.76 2.26 31.76 12.65 3.67 24.39 12.71 64.66 11.15 15.01 
6 2 6-12" Anthony-Gila complex Clay 7.23 7.85 2.68 1.41 8.46 544.80 1.54 32.17 6.63 3.20 22.19 11.81 62.03 9.56 15.05 
7 1 0-6" Anthony-Gila complex 
Sandy 
Loam 7.28 7.82 3.27 3.38 29.04 727.78 2.25 19.71 7.61 1.77 23.86 12.60 59.33 27.68 13.50 
7 1 6-12" Anthony-Gila complex 
Sandy 
Loam 4.73 7.79 1.11 0.94 8.04 343.33 0.52 17.57 2.88 0.89 14.45 7.74 39.36 14.74 11.69 
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        -------------------------------------------------------(meq/L)----------------------------------------------------------  
Site ID Soil 
Depth Soil Series/Type Texture 
EC  
(mmhos
/cm) pH 
OM
% 
NO3
-N P K Zn Fe Mn Cu Ca Mg Na K2 SAR 
7 2 0-6" Anthony-Gila complex Clay 2.94 7.69 4.89 6.40 28.11 749.91 2.56 35.52 12.04 3.80 19.66 8.55 13.96 9.75 3.54 
7 2 6-12" Anthony-Gila complex Clay 1.97 7.70 1.80 2.33 10.16 433.01 1.01 20.88 4.44 2.23 9.38 4.95 11.29 6.60 4.18 
7 3 0-6" Anthony-Gila complex 
Sandy 
Loam 4.73 7.61 1.68 5.20 41.19 648.85 1.95 12.05 6.27 1.15 23.51 13.14 44.43 35.15 10.19 
7 3 6-12" Anthony-Gila complex 
Sandy 
Loam 4.47 7.59 0.93 1.76 15.90 554.10 0.78 15.44 4.00 1.17 17.06 9.75 47.45 25.69 12.63 
8 1 0-6" Anthony-Gila complex 
Sandy 
Loam 6.62 7.93 2.34 1.75 29.34 679.29 2.21 14.22 5.82 1.19 22.70 11.49 54.89 34.83 12.75 
8 1 6-12" Anthony-Gila complex 
Sandy 
Loam 4.40 7.81 1.04 0.90 12.08 438.40 0.76 15.68 3.31 1.00 14.20 7.23 39.83 20.51 11.61 
9 1 0-6" Armijo clay, moderately saline 
Sandy 
Loam 5.78 7.81 1.85 5.98 25.61 531.93 1.47 13.88 4.29 1.10 20.46 8.88 39.93 28.04 9.84 
9 1 6-12" Armijo clay, moderately saline 
Sandy 
Loam 5.70 7.89 1.26 5.01 16.41 402.51 0.83 16.30 3.43 1.10 16.14 8.09 43.10 21.80 11.03 
10 1 0-6" Typic Ustifluvents Sandy Loam 0.83 7.75 0.58 0.43 5.54 141.94 0.62 27.77 2.86 1.52 4.44 1.84 3.43 4.26 1.88 
10 1 6-12" Typic Ustifluvents Sandy Loam 1.21 7.67 0.58 0.48 4.40 149.11 0.45 22.39 3.04 1.66 7.33 2.84 5.21 4.44 2.34 
10 2 0-6" Typic Ustifluvents Clay 1.59 7.36 3.92 1.33 9.08 433.61 2.48 87.17 5.95 5.26 13.55 4.95 3.34 5.35 1.09 
10 2 6-12" Typic Ustifluvents Clay 1.55 7.39 3.88 1.57 6.61 408.64 2.63 78.67 8.25 5.39 12.84 4.70 3.73 3.95 1.25 
11 1 0-6" Typic Ustifluvents Sandy Loam 0.98 8.02 0.58 0.79 9.41 292.83 0.53 6.46 2.92 0.84 4.74 2.58 3.25 11.70 1.73 
11 1 6-12" Typic Ustifluvents Sandy Loam 0.80 8.07 0.44 0.61 5.95 198.40 0.35 6.60 2.42 0.91 3.55 1.78 3.15 7.38 1.91 
12 1 0-6" Typic Ustifluvents Clay 0.69 7.77 3.30 1.73 4.48 458.50 3.16 99.55 8.46 5.71 3.12 1.14 4.68 0.31 2.84 
12 1 6-12" Typic Ustifluvents Clay 0.80 7.83 2.94 1.94 3.29 437.58 2.11 95.61 7.13 5.28 3.60 1.30 2.27 0.33 1.42 
13 1 0-6" Typic Ustifluvents Clay 0.72 7.74 1.94 1.47 7.75 254.60 1.27 85.91 7.95 4.64 4.73 1.66 2.85 1.85 1.60 
13 1 6-12" Typic Ustifluvents Clay 0.78 7.79 2.04 1.48 5.90 198.94 0.86 69.42 5.91 4.15 4.75 1.88 3.34 1.56 1.84 
14 1 0-6" Typic Ustifluvents Clay 0.77 7.67 3.43 2.56 8.90 336.08 2.66 85.56 7.48 4.46 5.11 1.78 3.06 1.92 1.63 
14 1 6-12" Typic Ustifluvents Sandy Loam 0.48 7.90 0.85 1.41 9.44 135.07 0.66 39.72 2.88 1.54 2.43 0.82 1.85 1.31 1.43 
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        -------------------------------------------------------(meq/L)----------------------------------------------------------  
Site ID Soil 
Depth Soil Series/Type Texture 
EC  
(mmhos
/cm) pH 
OM
% 
NO3
-N P K Zn Fe Mn Cu Ca Mg Na K2 SAR 
15 1 0-6" Anthony-Gila complex 
Sandy 
Loam 4.45 7.64 1.75 1.22 5.49 360.35 0.61 5.33 4.89 1.37 22.20 7.29 23.06 13.74 5.81 
15 1 6-12" Anthony-Gila complex 
Sandy 
Loam 4.82 7.69 1.70 1.46 4.93 283.88 0.52 6.11 4.25 1.51 22.59 8.06 29.79 10.11 7.48 
16 1 0-6" Anthony-Gila complex 
Sandy 
Loam 2.64 7.83 1.25 1.28 7.31 270.84 0.74 13.52 3.13 1.19 10.75 4.33 16.75 10.78 5.86 
16 1 6-12" Anthony-Gila complex 
Sandy 
Loam 3.67 7.87 0.95 1.12 4.60 191.76 0.55 14.19 2.57 1.21 9.61 4.21 27.95 6.48 8.18 
17 1 0-6" Anthony-Gila complex Clay 1.37 7.71 2.58 2.80 7.76 557.68 1.54 24.24 6.48 4.31 9.39 2.81 5.61 4.51 2.41 
17 1 6-12" Anthony-Gila complex Clay 1.77 7.68 2.27 1.73 6.13 423.01 1.23 26.19 5.65 4.15 12.05 3.61 7.78 3.55 2.90 
18 1 0-6" Anthony-Gila complex 
Sandy 
Loam 9.91 7.69 2.33 1.16 4.98 483.55 0.83 15.21 5.92 2.72 29.21 9.71 64.39 9.15 14.19 
18 1 6-12" Anthony-Gila complex 
Sandy 
Loam 7.59 7.73 1.61 1.22 4.46 307.58 0.76 10.39 4.59 2.14 30.01 9.98 71.26 9.54 15.89 
19 1 0-6" Anthony-Gila complex Clay 10.58 7.68 2.16 0.73 5.93 497.43 1.14 24.72 6.21 2.66 26.01 11.94 90.11 16.44 18.98 
19 1 6-12" Anthony-Gila complex Clay 6.59 7.69 1.63 0.62 4.39 350.73 0.66 19.49 5.08 2.39 20.66 8.21 56.14 10.00 13.75 
20 1 0-6" Anthony-Gila complex Clay 3.85 7.67 1.40 1.79 3.60 314.66 0.35 6.93 4.62 1.91 17.93 5.36 23.75 6.85 6.60 
20 1 6-12" Anthony-Gila complex Clay 3.83 7.63 1.28 1.94 3.81 265.99 0.39 7.11 4.36 1.84 20.18 6.29 22.90 6.40 6.24 
21 1 0-6" Anthony-Gila complex Clay 2.65 7.45 2.98 1.38 4.33 358.03 2.25 48.61 4.99 4.49 15.01 5.24 13.73 4.14 4.20 
21 1 6-12" Anthony-Gila complex 
Sandy 
Clay 
Loam 
2.16 7.48 2.41 1.88 3.70 298.23 1.81 41.64 5.41 3.78 12.93 4.50 10.81 3.39 3.68 
22 1 0-6" Anthony-Gila complex Clay 3.72 7.61 2.38 1.69 2.68 375.09 0.96 18.49 7.58 2.87 17.55 6.80 26.19 1.75 7.34 
22 1 6-12" Anthony-Gila complex Clay 3.90 7.67 1.76 1.51 2.30 274.08 0.69 14.77 6.36 2.44 15.36 5.98 31.68 1.24 9.75 
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        -------------------------------------------------------(meq/L)----------------------------------------------------------  
Site ID Soil 
Depth Soil Series/Type Texture 
EC  
(mmhos
/cm) pH 
OM
% 
NO3
-N P K Zn Fe Mn Cu Ca Mg Na K2 SAR 
23 1 0-6" Anthony-Gila complex 
Sandy 
Clay 
Loam 
29.69 7.65 2.49 1.46 8.95 571.58 1.90 20.88 9.78 2.30 39.69 23.06 187.93 33.80 33.79 
23 1 6-12" Anthony-Gila complex 
Sandy 
Clay 
Loam 
18.40 7.70 1.58 1.20 5.41 417.65 1.50 24.12 8.45 2.12 32.74 17.54 126.40 21.25 24.46 
24 1 0-6" Typic Ustifluvents Clay 0.68 7.65 2.95 2.04 8.50 293.95 1.79 79.52 9.83 4.10 4.61 1.49 2.56 1.80 1.49 
24 1 6-12" Typic Ustifluvents Sandy Loam 0.42 7.95 0.60 0.84 7.80 155.02 0.39 30.36 4.60 1.72 2.21 0.75 1.85 1.60 1.50 
24 2 0-6" Typic Ustifluvents Clay 0.62 7.61 2.30 2.20 5.85 336.18 1.74 76.07 9.51 5.36 4.24 1.38 2.26 1.49 1.35 
24 2 6-12" Typic Ustifluvents Clay 0.50 7.71 2.07 1.91 6.86 245.71 1.24 62.83 6.52 4.37 2.93 0.96 2.10 1.33 1.53 
24 3 0-6" Typic Ustifluvents Clay 0.62 7.70 1.77 1.78 4.64 371.94 1.56 66.94 8.29 5.25 3.75 1.26 2.58 1.39 1.65 
24 3 6-12" Typic Ustifluvents Clay 0.57 7.67 1.85 1.55 6.04 278.40 1.37 58.09 6.70 5.37 3.20 1.05 2.43 1.29 1.65 
24 4 0-6" Typic Ustifluvents Clay 1.07 7.70 2.13 2.03 5.18 408.69 1.97 113.70 10.37 6.12 8.11 2.80 3.61 1.99 1.56 
24 4 6-12" Typic Ustifluvents Clay 0.69 7.70 1.85 3.15 5.86 378.24 1.75 95.48 8.22 5.99 5.53 1.93 2.96 1.70 1.54 
25 1 0-6" Typic Ustifluvents Sandy Loam 0.78 7.78 1.59 1.74 5.10 236.71 1.01 19.33 4.26 2.34 4.00 1.54 3.89 0.74 2.31 
25 1 6-12" Typic Ustifluvents Sandy Loam 0.73 7.83 1.50 1.64 4.44 210.64 0.94 18.35 4.27 2.06 3.19 1.23 4.24 0.60 2.80 
26 1 0-6" Typic Ustifluvents Clay 1.17 7.42 1.68 1.26 3.66 304.20 0.82 65.13 6.62 4.61 7.43 2.88 8.61 1.65 3.49 
26 1 6-12" Typic Ustifluvents Clay 2.20 7.38 1.60 1.08 3.40 274.28 0.70 57.82 6.17 4.28 6.89 3.09 16.29 1.98 6.83 
27 1 0-6" Typic Ustifluvents Clay 5.82 7.46 1.56 4.04 6.11 539.29 1.90 67.19 9.22 5.18 9.14 4.63 52.10 3.35 23.95 
27 1 6-12" Typic Ustifluvents Clay 6.25 7.62 1.19 3.88 5.50 636.54 1.42 51.37 7.66 5.64 11.95 5.79 68.04 3.66 26.03 
27 2 0-6" Typic Ustifluvents 
Sandy 
Clay 
Loam 
6.94 8.05 2.34 3.01 8.03 487.03 1.47 75.04 6.54 3.44 6.63 3.85 57.47 2.13 30.97 
27 2 6-12" Typic Ustifluvents 
Sandy 
Clay 
Loam 
4.66 8.50 0.76 1.48 5.29 237.90 0.31 24.57 3.47 1.23 10.66 4.23 77.59 2.09 28.51 
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        -------------------------------------------------------(meq/L)----------------------------------------------------------  
Site ID Soil 
Depth Soil Series/Type Texture 
EC  
(mmhos
/cm) pH 
OM
% 
NO3
-N P K Zn Fe Mn Cu Ca Mg Na K2 SAR 
28 1 0-6" Typic Ustifluvents 
Sandy 
Clay 
Loam 
6.00 8.17 1.99 1.66 6.66 482.16 0.61 11.95 4.54 1.95 15.82 6.16 45.17 4.39 13.96 
28 1 6-12" Typic Ustifluvents 
Sandy 
Clay 
Loam 
6.21 8.09 0.88 1.16 5.16 454.55 0.66 20.49 4.59 2.12 18.01 7.02 51.57 4.52 15.10 
29 1 0-6" Brazito Fine Sandy Loam 
Sandy 
Loam 2.45 8.19 0.73 1.98 8.23 245.26 0.51 4.03 4.24 1.20 4.69 1.69 21.89 1.94 12.55 
29 1 6-12" Brazito Fine Sandy Loam 
Sandy 
Loam 2.55 8.01 1.11 2.39 7.70 229.15 0.63 4.23 4.68 1.06 4.56 1.66 23.29 1.68 13.41 
30 1 0-6" Saneli clay Clay 16.55 7.78 2.56 7.43 13.73 596.55 1.30 14.04 5.54 3.09 21.75 6.70 153.73 3.80 40.64 
30 1 6-12" Saneli clay Clay 18.85 7.94 2.46 7.14 14.16 472.40 0.96 14.75 5.17 2.69 17.20 5.49 179.21 3.35 53.25 
31 1 0-6" Saneli clay Clay 8.36 7.73 2.31 3.28 3.78 569.20 0.77 14.44 9.59 4.03 13.16 3.40 83.98 1.25 28.84 
31 1 6-12" Saneli clay Clay 7.91 7.80 1.75 2.41 3.75 432.00 0.62 11.51 8.91 3.77 10.63 2.78 80.71 1.16 29.89 
32 1 0-6" Saneli clay thin surface Clay 10.75 8.22 2.39 3.84 12.04 695.74 1.58 13.03 17.68 4.11 4.40 1.98 73.66 1.08 45.17 
32 1 6-12" Saneli clay thin surface Clay 10.55 8.30 2.20 4.28 11.55 621.15 1.36 12.81 17.58 3.85 4.45 2.28 127.63 1.59 76.05 
34 1 0-6" Typic Ustifluvents Clay 1.46 7.68 1.45 2.35 7.39 410.99 0.43 7.29 6.70 1.82 7.52 2.55 17.16 0.87 6.30 
34 1 6-12" Typic Ustifluvents Clay 3.10 7.49 1.48 2.36 2.16 371.69 0.62 10.13 7.44 2.05 10.23 3.56 21.83 0.84 7.03 
35 1 0-6" Typic Ustifluvents Clay 19.91 8.15 2.40 4.90 7.36 302.96 0.53 12.58 3.02 2.61 14.02 6.93 183.04 3.06 63.28 
35 1 6-12" Typic Ustifluvents Clay 18.00 8.34 0.68 2.43 2.53 221.49 0.33 11.37 3.01 2.29 10.52 5.22 156.01 1.88 55.48 
35 2 0-6" Typic Ustifluvents Clay 14.50 7.93 1.78 4.46 10.95 368.05 0.70 12.26 3.64 2.18 11.54 5.71 123.66 2.14 44.58 
35 2 6-12" Typic Ustifluvents 
Sandy 
Clay 
Loam 
14.30 8.15 0.84 1.78 6.94 240.08 0.33 10.65 2.87 1.24 8.05 4.79 135.59 1.71 56.99 
36 1 0-6" Brazito Fine Sandy Loam 
Sandy 
Loam 3.79 7.99 0.63 2.85 20.50 268.62 0.57 3.77 5.04 0.84 12.35 4.13 26.06 3.27 8.94 
36 1 6-12" Brazito Fine Sandy Loam 
Sandy 
Loam 5.49 8.15 0.53 2.16 12.72 351.84 0.48 4.95 4.77 0.85 11.51 4.18 38.86 3.42 13.81 
36 2 0-6" Brazito Fine Sandy Loam 
Sandy 
Loam 6.79 8.35 1.12 2.13 10.87 532.62 0.54 5.06 5.81 1.48 15.42 8.05 43.72 4.70 12.67 
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        -------------------------------------------------------(meq/L)----------------------------------------------------------  
Site ID Soil 
Depth Soil Series/Type Texture 
EC  
(mmhos
/cm) pH 
OM
% 
NO3
-N P K Zn Fe Mn Cu Ca Mg Na K2 SAR 
36 2 6-12" Brazito Fine Sandy Loam 
Sandy 
Loam 6.23 8.34 0.87 2.05 14.45 421.10 0.50 5.24 5.68 1.07 13.19 6.66 38.48 3.55 13.47 
37 1 0-6" Typic Ustifluvents Clay 9.06 7.71 3.05 3.85 21.45 850.45 2.30 18.58 12.23 2.51 24.86 11.69 74.09 4.48 17.49 
37 1 6-12" Typic Ustifluvents Clay 8.57 7.72 2.11 1.42 10.64 561.98 1.21 18.44 9.25 2.15 22.46 10.30 72.20 3.11 18.25 
38 1 0-6" Typic Ustifluvents Sandy Loam 4.01 7.75 1.64 2.31 3.81 484.88 0.68 11.24 7.25 1.50 14.71 6.79 28.79 3.15 8.30 
38 1 6-12" Typic Ustifluvents Sandy Loam 5.08 7.96 1.64 1.61 3.54 465.66 0.75 14.31 6.05 1.57 12.15 6.85 43.18 2.45 14.20 
39 1 0-6" Typic Ustifluvents Clay 8.26 7.74 4.00 4.16 11.54 786.38 2.86 23.85 15.20 2.62 25.00 10.35 66.24 4.61 15.89 
39 1 6-12" Typic Ustifluvents Clay 9.06 7.83 2.19 1.88 7.16 570.44 1.43 24.75 10.03 2.62 18.85 8.07 81.99 2.64 24.56 
40 1 0-6" Typic Ustifluvents 
Sandy 
Clay 
Loam 
4.86 7.71 3.10 3.54 4.99 892.40 1.40 10.34 9.93 2.49 19.79 9.24 35.39 5.26 8.83 
40 1 6-12" Typic Ustifluvents Sandy Loam 4.80 7.67 1.95 3.27 3.52 752.85 0.84 12.03 8.98 2.28 19.33 8.88 37.85 3.98 9.94 
41 1 0-6" Typic Ustifluvents Clay 5.62 7.75 2.94 3.10 5.29 534.48 0.68 11.71 7.38 2.76 23.53 7.68 31.52 2.11 7.99 
41 1 6-12" Typic Ustifluvents Clay 4.72 7.76 1.93 2.71 5.23 347.39 0.45 10.47 5.39 1.97 21.35 7.55 36.14 1.69 9.24 
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Groundwater Data 
 
    ------------------------------------------------------------------------------------mg/L---------------------------------------------------------------------------------------- 
Site ID 
Sample 
Month 
Depth 
(cm) 
EC 
(mmhos
/cm) TDS  Ca Mg   Na K   B CO3 HCO3 Cl SO4 NO3 
NO3
-N 
Hard-
ness 
CaCO3 
Alkalinity 
CaCO3 
1 1 January 198.25 15.60 10820.93 24.60 68.02 3340.00 45.21 3.78 0.00 3465.04 2130.00 1740.00 3.50 0.79 341.06 173251.82 
2 1 January 100.25 5.32 3550.88 52.80 62.73 1080.00 19.94 0.31 0.00 255.39 1052.00 1026.00 1.40 0.32 389.67 12769.63 
3 1 January 119.5 0.99 672.90 58.60 45.35 89.28 4.20 0.12 0.00 135.73 183.00 155.64 0.80 0.18 332.68 6786.61 
6 1 January 126.25 4.00 2881.26 82.70 63.46 698.90 18.01 0.38 0.00 750.08 205.00 1059.30 2.80 0.63 467.27 37503.91 
7 1 January 65.25 3.31 2171.03 60.30 59.72 585.40 16.19 0.38 0.00 249.01 643.00 552.00 4.10 0.93 396.01 12450.27 
7 3 January 156.75 1.95 1319.91 27.40 50.09 325.20 4.85 0.29 0.00 412.86 353.00 143.28 2.40 0.54 274.33 20642.95 
8 1 January 148.25 1.01 719.90 31.40 41.10 123.10 5.10 0.19 0.00 329.24 153.00 30.27 5.30 1.20 247.34 16462.03 
10 1 January 219.25 0.84 587.96 48.33 21.20 99.72 3.78 0.18 0.00 146.67 92.30 165.00 8.80 1.99 207.75 7333.34 
13 1 January 195 4.51 3083.88 69.40 62.44 854.00 12.20 1.10 0.00 328.23 553.00 1201.80 1.40 0.32 429.90 16411.69 
17 1 January 178.75 1.67 1253.36 41.30 30.32 314.00 13.96 0.52 0.00 240.47 252.00 360.30 0.40 0.09 227.71 12023.71 
18 1 January 62.5 1.11 797.42 45.60 33.62 162.60 3.84 0.38 0.00 146.60 187.00 216.81 0.80 0.18 252.01 7329.80 
19 1 January 46 1.50 1162.27 29.20 22.78 340.90 4.24 0.55 0.00 124.82 393.00 245.07 1.40 0.32 166.52 6241.06 
20 1 January 61 1.30 842.84 66.70 31.14 159.70 8.95 0.28 0.00 128.16 221.00 226.71 0.20 <0.1 294.46 6407.95 
22 1 January 135 1.35 859.38 37.20 36.38 193.80 4.54 0.42 0.00 106.77 225.00 251.97 2.70 0.61 242.40 5338.32 
25 1 January 313.5 2.67 1987.81 64.00 37.21 520.30 19.66 1.19 0.00 387.92 421.00 532.00 3.70 0.84 312.68 19395.88 
27 1 January 31.5 5.67 3704.83 25.60 53.08 1102.00 102.10 1.46 0.00 270.95 943.00 1204.80 1.50 0.34 282.13 13547.59 
28 1 January 259.25 5.42 3513.76 313.20 62.24 785.00 29.51 0.88 0.00 67.38 1025.00 1227.60 2.40 0.54 1037.36 3369.20 
29 1 January 190.5 10.70 7664.66 39.60 45.94 2360.00 45.80 4.47 0.00 1934.19 1420.00 1810.00 3.80 0.86 287.70 96709.46 
35 2 January 60.5 1.92 1392.77 51.60 22.64 357.90 6.63 0.71 0.00 290.97 222.00 435.30 4.10 0.93 221.83 14548.29 
36 1 January 111 0.65 533.67 56.30 17.55 81.73 6.35 0.20 0.00 146.04 121.00 102.42 1.70 0.38 212.63 7302.14 
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     ------------------------------------------------------------------------------------mg/L---------------------------------------------------------------------------------------- 
Site ID 
Sample 
Month 
Depth 
(cm) 
EC 
(mmhos
/cm) TDS  Ca Mg   Na K   B CO3 HCO3 Cl SO4 NO3 
NO3
-N 
Hard-
ness 
CaCO3 
Alkalinity 
CaCO3 
37 1 January 138.75 1.20 842.27 89.90 38.73 94.91 6.98 0.11 0.00 380.38 127.00 102.42 1.50 0.34 383.55 19019.03 
38 1 January 131.25 1.58 989.36 110.80 40.75 156.20 6.00 0.22 0.00 170.89 343.00 159.30 1.80 0.41 444.00 8544.32 
39 1 January 150.75 1.06 724.91 85.90 27.32 86.03 10.73 0.16 0.00 183.17 87.50 243.00 0.90 0.20 326.66 9158.28 
40 1 January 167.5 1.73 1101.12 102.10 43.64 198.80 7.63 0.24 0.00 109.83 328.00 309.90 0.80 0.18 434.18 5491.59 
1 1 July 231 24.42 18575 29.30 124.00 5335.00 23.10 4.20 <0.1 8343.00 1248.00 3465.00 2.40 0.54 583 6839 
3 1 July 194.5 1.05 709 43.20 36.50 117.00 8.70 0.21 <0.1 209.00 127.00 166.00 1.20 0.27 258 171 
7 1 July 159 6.43 1066 33.80 158.00 1133.00 12.70 0.41 <0.1 495.00 729.00 1695.00 0.60 0.14 197 401 
7 3 July 240.5 1.45 4258 15.50 38.60 237.00 10.40 0.29 <0.1 489.00 105.00 170.00 0.10 <0.1 734 406 
8 1 July 234.5 1.09 772 16.60 38.80 155.00 6.60 0.23 <0.1 330.00 112.00 113.00 0.00 <0.1 201 270 
10 1 July 310.5 1.81 1256 194.00 30.50 135.00 5.40 0.15 <0.1 260.00 93.60 537.00 0.20 <0.1 609 213 
13 1 July 260 4.23 2887 107.00 110.00 639.00 6.40 0.73 <0.1 488.00 321.00 1212.00 2.40 0.54 719 400 
16 1 July 219 2.03 1225 136.00 38.00 234.00 7.30 0.33 <0.1 125.00 501.00 181.00 1.90 0.43 496 102 
17 1 July 195 1.94 1300 51.10 57.10 273.00 11.50 0.42 <0.1 257.00 231.00 414.00 3.70 0.84 362 211 
18 1 July 227.5 1.43 1025 90.80 26.70 170.00 5.10 0.32 12.70 404.00 96.80 208.00 8.50 1.92 336 352 
19 1 July 206 2.04 1480 59.80 16.60 369.00 3.90 0.57 <0.1 512.00 187.00 321.00 8.60 1.94 217 420 
20 1 July 228.5 1.18 760 43.30 26.20 167.00 6.00 0.29 <0.1 73.70 177.00 264.00 1.70 0.38 216 60 
21 1 July 201.5 1.39 985 78.60 27.60 176.00 2.00 0.30 <0.1 304.00 92.40 300.00 3.30 0.74 310 249 
22 1 July 272.5 1.75 1197 63.60 31.10 268.00 5.10 0.53 <0.1 272.00 208.00 339.00 8.00 1.81 287 223 
25 1 July 316 2.24 1617 14.70 23.50 449.00 13.10 0.75 <0.1 406.00 151.00 558.00 1.09 0.25 133 333 
27 1 July 119 6.87 4885 22.30 83.60 1357.00 64.90 1.70 <0.1 1220.00 566.00 1569.00 0.80 0.18 399 1000 
28 1 July 233 6.65 4658 405.00 110.00 848.00 17.50 0.68 <0.1 1394.00 613.00 1266.00 3.40 0.77 1463 1143 
29 1 July 200.5 8.23 5161 59.40 32.80 1751.00 18.80 3.40 31.30 427.00 2056.00 781.00 0.20 <0.1 283 402 
30 1 July 198.5 25.62 16815 149.00 54.10 5596.00 38.50 4.40 21.50 1267.00 4466.00 5217.00 0.90 0.20 594 1074 
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     ------------------------------------------------------------------------------------mg/L---------------------------------------------------------------------------------------- 
Site ID 
Sample 
Month 
Depth 
(cm) 
EC 
(mmhos
/cm) TDS  Ca Mg   Na K   B CO3 HCO3 Cl SO4 NO3 
NO3
-N 
Hard-
ness 
CaCO3 
Alkalinity 
CaCO3 
35 2 July 120.5 2.18 1532 66.40 18.30 388.00 6.80 0.78 <0.1 347.00 203.00 501.00 0.40 0.09 241 284 
36 1 July 171 1.40 1026 53.80 12.70 232.00 7.20 0.44 <0.1 379.00 93.60 247.00 0.60 0.14 186 311 
37 1 July 255 2.62 1707 214.00 40.50 267.00 13.70 0.26 17.40 232.00 322.00 600.00 0.40 0.09 700 219 
38 1 July 177.5 1.44 1027 118.00 21.70 149.00 7.50 0.18 16.30 350.00 66.00 289.00 7.50 1.69 384 314 
39 1 July 164.5 1.04 771 74.50 18.80 114.00 9.20 0.21 <0.1 310.00 43.90 198.00 1.70 0.38 263 254 
40 1 July 145 2.05 1334 154.00 35.20 224.00 13.00 0.28 <0.1 141.00 325.00 441.00 0.20 <0.1 529 116 
2 1 July  224 3.43 2449 31.10 78.40 631.00 11.30 0.45 <0.1 462.00 326.00 897.00 9.40 2.12 400 379 
1 1 May 173.25 18 13,364  19.9 68.8 3898 32.4 3.46 24.2  6655  1582  1080  <0.1 <0.1 333 332790 
2 1 May 70.25 3 1,881  24.9 58.3 485 10.5 0.29 22.7  530  312  438  <0.1 <0.1 302 26538 
3 1 May 84 1 673  47.1 42.0 81.2 2.50 0.02 0.0  390  100  10.2  <0.1 <0.1 290 19500 
7 1 May 60.25 6 3,180  119 62.0 756 18.20 0.02 <0.1 1549  668  7.5  <0.1 <0.1 552 77450 
7 3 May 139.25 2 2,049  15.8 52.4 499 4.50 0.01 32.3  1263  177  5.4  <0.1 <0.1 255 63204 
8 1 May 129 1 850  29.8 39.3 149 5.50 0.01 <0.1 537  83.6  6.0  <0.1 <0.1 236 26850 
10 1 May 191.75 Lost Data 
16 1 May 111.5 1 1,011  34.1 24.0 216 3.80 0.01 <0.1 628  101  3.9  <0.1 <0.1 184 31400 
17 1 May 190 Lost Data 
18 1 May 185 1 831  46.7 28.7 167 3.37 0.25 <0.1 220  121  244  <0.1 <0.1 235 11000 
19 1 May 157.25 3 1,884  21.0 46.4 511 6.90 0.75 <0.1 488  330  480  <0.1 <0.1 243 24400 
20 1 May 136 Lost Data 
21 1 May 112.75 1 842  37.6 34.8 165 2.80 0.26 <0.1 299  114  188  <0.1 <0.1 237 14950 
22 1 May 195 2 1,230  22.2 27.7 307 3.68 0.60 <0.1 506  133  230  <0.1 <0.1 169 25300 
25 1 May 269.75 1.57 1,269  51.8 15.6 305 10.5 0.38 26.4  476  109  266  6.6  1.5  193 23844 
28 1 May 200.5 Lost Data 
29 1 May 135.5 Lost Data 
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     ------------------------------------------------------------------------------------mg/L---------------------------------------------------------------------------------------- 
Site ID 
Sample 
Month 
Depth 
(cm) 
EC 
(mmhos
/cm) TDS  Ca Mg   Na K   B CO3 HCO3 Cl SO4 NO3 
NO3
-N 
Hard-
ness 
CaCO3 
Alkalinity 
CaCO3 
30 1 May 138.5 13.06 7,952 25.1 8.14 2958 0.75 0.02 <0.1 768 4175 16.8 <0.1 <0.1 96 38400 
35 2 May 40.5 1.68 1,260 44.9 18.4 330 5.87 0.58 28.4 281 172 375 2.7 0.6 188 14097 
36 1 May 96 Lost Data 
37 1 May 115 Lost Data 
38 1 May 91.25 Lost Data 
39 1 May 99.5 Lost Data 
40 1 May 126.25 Lost Data 
2 1 November 180.25 1.75 1184.11 36.85 42.38 277.20 8.86 0.33 0.00 244.65 225.00 345.90 2.40 0.54 266.20 12232.75 
3 1 November 184.5 1.16 783.38 81.30 41.97 93.92 9.49 0.21 0.00 193.78 153.00 206.16 2.90 0.65 375.42 9689.06 
7 1 November 134 3.24 2182.18 60.10 59.35 558.40 37.85 0.52 0.00 277.89 521.00 664.00 2.50 0.56 393.99 13894.70 
7 3 November 210.5 1.17 802.55 39.10 41.70 142.50 7.94 0.30 0.00 165.20 84.20 321.00 0.50 0.11 269.02 8260.25 
8 1 November 197 1.13 765.29 34.10 45.76 133.20 7.37 0.28 0.00 283.06 185.00 75.42 0.90 0.20 273.24 14152.82 
10 1 November 293 1.02 684.29 62.10 24.01 115.30 7.76 0.20 0.00 139.93 153.00 166.80 12.40 2.80 253.67 6996.33 
16 1 November 199 1.78 1118.32 97.40 39.98 214.80 7.69 0.35 0.00 291.26 433.00 32.49 1.10 0.25 407.41 14563.17 
17 1 November 216.25 1.41 1206.22 42.40 38.85 272.40 14.89 0.42 0.00 290.87 196.00 342.30 6.60 1.49 265.53 14543.47 
19 1 November 219.75 2.10 1366.23 28.37 21.85 405.70 8.11 0.72 0.00 291.52 485.00 124.35 0.50 0.11 160.63 14576.13 
20 1 November 256 1.39 965.49 61.70 34.63 189.50 9.64 0.30 0.00 213.69 196.00 255.24 3.90 0.88 296.34 10684.66 
21 1 November 175.25 1.10 739.66 43.80 32.03 137.10 3.15 0.34 0.00 203.26 118.00 201.00 0.80 0.18 240.98 10162.90 
27 1 November 121.5 4.90 3059.56 70.90 53.91 798.20 126.70 1.35 0.00 778.09 1025.00 201.12 3.50 0.79 398.57 38904.75 
28 1 November 255.5 5.90 3551.05 346.00 60.89 735.10 35.02 0.88 0.00 403.62 1019.00 946.00 3.70 0.84 1113.64 20180.85 
29 1 November 190.5 11.10 6971.80 29.95 44.27 2395.00 45.20 4.45 0.00 185.67 2510.00 1752.60 3.80 0.86 256.76 9283.72 
30 1 November 188.5 2.84 2077.60 57.33 53.71 459.70 64.62 5.23 0.00 706.54 293.00 431.70 4.70 1.06 363.89 35327.06 
35 2 November 86.75 1.93 1225.88 54.50 21.55 340.20 8.00 0.80 0.00 150.06 472.00 177.30 1.20 0.27 224.59 7502.97 
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     ------------------------------------------------------------------------------------mg/L---------------------------------------------------------------------------------------- 
Site ID 
Sample 
Month 
Depth 
(cm) 
EC 
(mmhos
/cm) TDS  Ca Mg   Na K   B CO3 HCO3 Cl SO4 NO3 
NO3
-N 
Hard-
ness 
CaCO3 
Alkalinity 
CaCO3 
36 1 November 129.75 0.82 593.37 54.08 16.73 97.63 7.63 0.26 0.00 128.35 54.20 234.00 0.40 0.09 203.72 6417.38 
37 1 November 175 1.21 802.48 99.46 35.17 95.69 12.47 0.21 0.00 152.02 185.00 221.00 1.20 0.27 392.75 7601.07 
38 1 November 167.5 2.01 1325.18 179.30 47.10 160.80 11.27 0.24 0.00 397.51 358.00 160.92 8.20 1.85 641.02 19875.36 
39 1 November 150.75 0.94 635.06 81.36 25.82 67.18 11.69 0.17 0.00 135.14 95.20 212.00 5.30 1.20 309.16 6757.15 
40 1 November 191.25 1.52 1072.46 114.90 34.57 145.10 11.99 0.23 0.00 393.49 146.00 214.53 9.50 2.14 428.82 19674.72 
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APPENDIX E 
 
 Methods for Soils and Groundwater Laboratory Analyses  
 
 
SOILS 
Parameter Method Reference 
Soil pH Saturated paste Richards 1954, Method 21a p. 102 
Electrical Conductivity Saturated paste Richards 1954, method 4b, p. 89 
Na Adsorption Ratio  From saturated paste extract, Analyze Ca, Mg, Na by ICP NRCS 1991, method 5E 
Organic matter Modified Walkely-Black method Spark 1996, pp. 995-996  
Nitrate-nitrogen AB-DTPA extract Spark 1996, pp. 1146-1162  
Ammonium bicarbonate- Extract with AB-DTPA Spark 1996, pp. 897-898 
DTPA phosphorus Analyze colorimetrically  
Lime estimate Qualitative fizz test with dilute acid NRCS 1991, method 6E2a 
ICP elements:  K, Zn, Fe, Mn, Cu Extractable (AB-DTPA)  Spark 1996, pp. 91-140  
Texture Estimate  Theim 1979 
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GROUNDWATER 
Parameter EPA Method Reference 
pH 150.1 
Conductance 120.1 
Ca, Mg, Na, K 200.7 
CO3, HCO3 310.1 
Cl, SO4 300.0 
NO3 353.2 
Hardness 130.1 
Alkalinity 310.1 
TDS Sum of anions and cations 
Methods for Chemical Analysis of 
Water and Wastewater EPA-600-4-
79-020 
 
 
